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Introduction: 

Our  work  on  breast  development  and  tumorigenesis  has  focused  on  the  Cripto  gene,  which 
encodes  an  extracellular  protein  that  is  a  member  of  the  EGF-CFC  gene  family.  Previous  studies 
have  suggested  that  Cripto  may  be  involved  in  autocrine  or  paracrine  signaling  during  human  breast 
carcinogenesis  (reviewed  in  (Salomon  et  al.,  1999)).  Thus,  Cripto  is  consistently  overexpressed  in  a 
large  percentage  of  human  breast  cancers,  and  is  not  expressed  at  high  levels  in  normal  breast  tissue 
(Qi  et  al.,  1994),  and  Cripto  has  transforming  activity  when  overexpressed  in  NOG-8  mouse 
mammary  epithelial  cells  (Ciardiello  et  al.,  1991).  To  elucidate  the  potential  role  of  Cripto  in  breast 
development  and  tumorigenesis,  we  have  been  investigating  the  activities  of  Cripto  in  mammary 
development  using  transgenic  mice  and  cell  culture  systems,  and  have  been  investigating  the 
molecular  mechanisms  of  CRIPTO  protein  action,  with  the  initial  objective  of  identifying  a 
putative  CRIPTO  receptor(s). 


Body: 

Over  the  past  four  years,  we  have  made  significant  progress  towards  understanding  the 
molecular  mechanisms  of  Cripto  function,  which  has  led  to  an  important  revision  of  our  initial  view 
of  Cripto  encoding  an  EGF  (epidermal  growth  factor) -related  growth  factor.  Based  on  recent 
molecular  genetic  data  from  our  lab  and  others,  we  now  have  strong  evidence  that  Cripto  is  essential 
for  signaling  by  a  divergent  member  of  the  TGF-(3  (transforming  growth  factor-beta)  superfamily, 
and  may  in  fact  encode  a  co-receptor  rather  than  a  ligand. 

Review  of  recent  work 

To  understand  the  biological  and  biochemical  basis  for  Cripto  function,  we  have  been 
investigating  its  role  in  normal  development.  We  initially  identified  the  EGF-CFC  family  through 
studies  of  mesoderm  formation  during  mouse  gastrulation,  in  which  we  isolated  a  novel  gene  that 
we  named  Cryptic  (Shen  et  al.,  1997),  based  on  its  similarity  to  murine  and  human  Cripto 
(Ciccodicola  et  al.,  1989;  Dono  et  al.,  1993).  Mammalian  Cryptic  and  Cripto,  frog  FRL-1,  and 
zebrafish  oep  encode  proteins  that  share  an  N-terminal  signal  sequence,  a  variant  EGF-like  motif,  a 
novel  conserved  cysteine-rich  domain  (that  we  named  the  CFC  ( Cripto ,  Frl-1,  and  Cryptic )  motif), 
and  a  C- terminal  hydrophobic  region  (reviewed  in  (Shen  and  Schier,  2000);  see  appendix). 
Members  of  the  EGF-CFC  family  encode  extracellular  proteins  that  are  localized  to  the  surface  of 
transfected  cells  (Shen  et  al.,  1997;  Zhang  et  al.,  1998).  This  association  is  mediated  by  the  C- 
terminal  hydrophobic  domain,  which  in  the  case  of  CRIPTO  is  required  for  glycosyl- 
phosphatidylinositol  (GPI)  linkage  to  the  cell  membrane  (Minchiotti  et  al.,  2000).  Although  the 
overall  level  of  sequence  conservation  is  relatively  low  (approximately  30%  identity),  all  EGF-CFC 
family  members  appear  to  have  functionally  similar  activities  in  assays  for  phenotypic  rescue  of  oep 
mutant  fish  embryos  by  mRNA  microinjection  (Gritsman  et  al.,  1999). 

In  our  studies,  we  have  gained  essential  insights  into  the  biological  functions  and  potential 
biochemical  activities  of  EGF-CFC  proteins  through  analysis  of  knock-out  mice  for  Cripto  and 
Cryptic  (reviewed  in  (Shen  and  Schier,  2000);  see  appendix).  We  have  found  that  the  roles  of  EGF- 
CFC  genes  in  axis  formation  are  neatly  divided  in  the  mouse  embryo,  so  that  Cripto  is  required  for 
correct  orientation  of  the  A-P  (anterior-posterior)  axis,  while  Cryptic  is  necessary  for  determination 
of  the  L-R  (left-right)  axis  ((Ding  et  al.,  1998;  Yan  et  al.,  1999);  see  appendices).  These  recent 
studies  have  led  to  a  revised  model  for  the  biochemical  activities  of  EGF-CFC  proteins. 

Thus,  in  contrast  to  previous  models  for  CRIPTO  having  growth  factor  activity  (Salomon  et 
al.,  1999),  recent  lines  of  evidence  from  molecular  genetic  studies  indicate  that  EGF-CFC  proteins 
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act  as  essential  co-factors  for  a  signaling  factor  known  as  NODAL  (reviewed  in  (Schier  and  Shen, 
2000);  see  appendix).  The  Nodal  gene  encodes  a  divergent  member  of  the  TGF-(3  superfamily,  and 
displays  a  mutant  phenotype  similar  to  that  for  Cripto  (Conlon  et  ah,  1994;  Zhou  et  ah,  1993).  The 
downstream  signaling  pathway  for  Nodal  has  primarily  been  suggested  by  our  current  understanding 
of  TGF-P  signal  transduction  pathways  (Massague  and  Chen,  2000),  and  by  gene  targeting 
experiments  in  mice  that  have  demonstrated  similar  and/or  synergistic  phenotypes  for  targeted 
disruption  of  Nodal,  the  type  II  activin  receptor  ActRIIB,  the  type  I  receptor  ActRlB,  and  the 
cytoplasmic  signal  transducer  Smad2  (Collignon  et  ah,  1996;  Conlon  et  ah,  1994;  Gu  et  ah,  1998; 
Nomura  and  Li,  1998;  Oh  and  Li,  1997;  Waldrip  et  ah,  1998);  however,  there  is  no  biochemical 
evidence  at  present  that  NODAL  protein  directly  binds  to  and  activates  activin  receptors. 

Recent  work  has  led  to  the  proposal  that  NODAL  and  EGF-CFC  proteins  are  inactive  by 
themselves,  while  in  combination  their  activity  is  similar  to  that  of  activin  (Gritsman  et  ah,  1999). 
Moreover,  the  phenotypes  of  both  Cripto  zn&Cryptic  mutant  mice  can  be  readily  interpreted  as 
resulting  from  defects  in  Nodal  signaling  ((Ding  et  ah,  1998;  Yan  et  ah,  1999);  see  appendices). 
These  data  can  be  summarized  in  terms  of  a  possible  regulatory  pathway  for  Nodal  and  EGF-CFC 
activities  (Fig.  1). 


EGF-CFC 


> 


Downstream 

targets 


Figure  1.  Model  for  EGF-CFC  function  in  the  Nodal  signaling  pathway.  The  activity  of  EGF-CFC  proteins 
as  essential  co-factors  for  Nodal  results  in  signaling  through  the  Activin  receptors  ActRIIA/ActRIIB  and 
ActRIB,  leading  to  activation  of  Smad2  and  subsequent  effects  on  downstream  target  genes  mediated  by 
interaction  with  the  transcription  factor  FAST2.  FAST2  also  activates  auto  regulatory  loops  that  up-regulate 
Nodal  itself  as  well  as  the  competitive  inhibitor  Lefty,  another  member  of  the  TGF-(3  family  (Saijoh  et  ah, 
2000).  It  is  important  to  note,  however,  that  this  pathway  does  not  exclude  the  possibilities  that  EGF-CFC 
proteins  could  act  as  co-factors  for  other  members  of  the  TGF-(3  superfamily,  or  could  also  act  through  an 
unrelated  signaling  pathway. 


These  apparently  discrepant  findings  can  be  resolved  by  a  simple  model  in  which  EGF-CFC 
proteins  form  membrane-associated  components  of  a  receptor  complex,  and  mediate  Nodal 
signaling  through  signal-transducing  partner(s)  that  may  include  activin  receptors  (Gritsman  et  al., 
1999;  Shen  and  Schier,  2000).  Based  on  the  requirement  of  EGF-CFC  activity  for  Nodal  signaling, 
the  cell-autonomy  of  oep  function  in  zebrafish,  and  the  localization  of  EGF-CFC  proteins  at  the  cell 
surface,  EGF-CFC  proteins  may  function  similarly  to  GFRoc,  IL-6RCC  or  CTNFRoc.  These  proteins 
act  as  co-factors  that  mediate  the  binding  of  signaling  molecules  to  signal-transducing  receptors.  For 
instance,  GFRa  is  tethered  to  the  membrane  via  a  GPI  linkage  and  together  with  the  c-RET 
tyrosine  kinase  receptor  forms  a  receptor  for  GDNF,  a  distant  member  of  the  TGF-(3  superfamily 
(Jing  et  al.,  1996;  Treanor  et  al.,  1996);  similarly,  IL-6Ra  interacts  with  gpl30  to  form  a  receptor 
complex  for  IL-6  (Hirano,  1998).  Similar  to  EGF-CFC  proteins,  these  factors  are  normally 
membrane-associated,  and  can  also  act  as  diffusible  co-factors  by  binding  to  their  ligands  and 
associating  with  the  transmembrane  receptors.  By  analogy,  EGF-CFC  proteins  might  interact  with 
Nodal  proteins  to  form  a  complex  that  binds  to  Activin-like  receptors.  Alternatively,  EGF-CFC 
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factors  could  modify  or  induce  conformational  changes  in  either  Nodal  signals  and/or  Activin-like 
receptors  that  allow  them  to  interact. 

In  principle,  release  of  EGF-CFC  proteins  from  the  membrane  might  result  in  a  freely 
diffusible  protein,  which  could  form  part  of  a  receptor  complex  on  a  neighboring  cell  that  may  not 
itself  express  the  EGF-CFC  gene,  in  effect  acting  as  a  signal.  Such  a  mechanism  has  been  shown  to 
be  the  case  with  the  GFROC  protein  (Jing  et  al.,  1996;  Treanor  et  ah,  1996).  Moreover,  the 
downstream  signaling  effects  documented  for  CRIPTO  protein  might  represent  cross-talk  between 
EGF  receptor  and  SMAD2  signaling  pathways,  which  has  been  previously  documented  (de 
Caestecker  et  ah,  1998;  Kretzschmar  et  ah,  1999). 

Technical  Objective  I:  Generation  and  analysis  of  Cripto  transgenic  mice 

Rationale:  To  investigate  the  effects  of  Cripto  on  mammary  development  and  oncogenesis, 
we  generated  transgenic  mice  that  overexpress  Cripto  in  the  mammary  epithelium.  Our  previous 
studies  had  shown  that  Cripto  is  expressed  at  extremely  low  levels  throughout  mammary 
development,  with  slightly  elevated  expression  during  pregnancy  and  lactation.  To  overexpress 
Cripto ,  we  produced  a  modified  Cripto  transgene  that  should  direct  high-level  secretion.  We  had 
previously  shown  that  EGF-CFC  proteins,  including  CRIPTO,  are  poorly  secreted  from  transfected 
cells  in  culture,  probably  because  the  endogenous  signal  sequence  is  unconventional  and  directs 
inefficient  secretion  (Shen  et  ah,  1997).  Moreover,  CRIPTO  protein  appears  to  be  membrane- 
associated  due  to  the  presence  of  the  C-terminal  hydrophobic  region  (Minchiotti  et  ah,  2000).  Since 
the  biological  activity  of  a  Cripto  transgene  should  depend  upon  the  levels  of  protein  secretion 
attained  in  vivo ,  we  constructed  a  transgene  expression  vector  containing  a  heterologous  efficient 
signal  sequence  and  encoding  a  C-terminally  truncated  protein. 

Results:  To  direct  expression  of  CRIPTO  transgenes  to  the  mammary  epithelium  of 
transgenic  mice,  we  utilized  the  MMTV-SVPA  vector  (Wang  et  ah,  1994),  which  contains  a  mouse 
mammary  tumor  virus  (MMTV)  long  terminal  repeat  (LTR)  enhancer/promoter.  We  have 
subcloned  a  modified  mouse  Cripto  cDNA  (sec-  Cripto)  into  this  vector,  and  successfully  established 
five  stable  lines  carrying  this  MMTV-sec-  Cripto  transgene.  As  described  in  our  1999  annual  report, 
we  examined  transgene  expression  and  phenotype  at  different  stages  of  mammary  development, 
thereby  accomplishing  tasks  1-5  of  our  Statement  of  Work.  Analysis  of  whole-mounts  of  mammary 
fat  pads  from  adult  transgenic  females  from  four  independent  expressing  lines  revealed  no 
phenotypic  abnormalities  in  virgin,  pregnant,  lactating,  or  involuting  animals  at  up  to  one  year  of 
age  (data  not  shown).  The  absence  of  any  detectable  phenotype  suggests  that  Cripto  expression  alone 
is  not  sufficient  to  alter  mammary  epithelial  differentiation. 

These  results  are  consistent  with  our  model  that  EGF-CFC  proteins  act  as  essential  co-factors 
for  Nodal  signaling,  and  with  the  finding  that  broad  ectopic  overexpression  of  oep  in  zebrafish  does 
not  result  in  embryonic  phenotypes  (Zhang  et  ah,  1998).  Our  current  interpretation  is  that  the 
ectopic  expression  of  Cripto  in  human  breast  tumors  may  reflect  a  cooperative  interaction  with 
overexpressed  members  of  the  TGF-(3  family,  perhaps  including  Nodal  or  related  genes. 

Technical  Objective  II:  Expression  of  Cripto  in  cell  culture  model  systems 

Rationale:  To  examine  the  role  of  Cripto  in  cellular  proliferation,  differentiation  and 
transformation,  we  utilized  retroviral  gene  transfer  as  a  strategy  to  efficiently  transfect  Cripto  into 
relevant  cell  lines.  In  studies  reported  in  our  1998  update,  we  focused  on  cell  lines  that  have  been 
reported  to  respond  to  exogenous  human  CRIPTO  protein,  such  as  the  F1C-1 1  mammary  epithelial 
cells  (De  Santis  et  ah,  1997;  Kannan  et  ah,  1997),  and  made  significant  progress  towards  tasks  8-10. 
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Based  on  our  revised  model  for  Cripto  function  as  well  as  the  apparent  lack  of  phenotype  of 
MMTV-sec-  Cripto  transgenic  mice,  we  decided  not  to  continue  our  experiments  on  mammary  cell 
lines  until  we  acquired  a  better  understanding  of  the  biochemical  basis  of  CRIPTO  protein 
function.  In  future  studies,  we  intend  to  test  the  hypothesis  that  co-expression  of  Cripto  with 
specific  TGF-P  factors  may  play  a  critical  role  in  mammary  differentiation  and/or  tumorigenesis. 

Technical  Objective  III:  Biochemical  analysis  of  CRIPTO  function 

Rationale:  Despite  the  present  lack  of  understanding  as  to  the  potential  mechanism(s)  by 
which  EGF-CFC  and  Nodal  activities  might  interact  at  the  molecular  level,  understanding  the 
biochemical  basis  of  this  interaction  is  of  fundamental  importance.  Therefore,  we  have  undertaken 
to  (i)  characterize  the  cellular  localization  of  CRIPTO  protein,  (ii)  produce  and  purify  active 
CRIPTO  protein  for  biochemical  analyses,  and  (Hi)  examine  potential  interactions  between 
CRIPTO  and  NODAL  proteins.  These  experiments  form  the  basis  for  elucidating  the  biochemical 
mechanism  of  CRIPTO  function. 

Results:  Previous  studies  have  suggested  that  members  of  the  EGF-CFC  family  encode 
extracellular  proteins  that  are  localized  to  the  surface  of  transfected  cells,  with  this  association 
mediated  by  the  C-terminal  hydrophobic  domain  (Shen  et  ah,  1997;  Zhang  et  ah,  1998).  As 
documented  in  our  1999  annual  report,  we  have  found  that  CRIPTO  is  in  fact  a  secreted  protein 
that  is  membrane-associated,  using  immunofluorescence  and  cell-fractionation  approaches.  These 
studies  have  been  confirmed  by  another  laboratory  (Minchiotti  et  ah,  2000).  Our  results  support  the 
idea  that  full-length  EGF-CFC  proteins  are  associated  with  the  cell  membrane,  while  C-terminal 
truncated  proteins  can  be  secreted  into  culture  supernatants. 

To  purify  CRIPTO  protein,  we  employed  a  baculovirus  expression  strategy  to  produce 
CRIPTO  protein  into  the  culture  supernatant  of  infected  insect  cells.  As  shown  in  our  1999  annual 
report,  we  have  successfully  expressed  and  purified  CRIPTO  protein  from  insect  cell  supernatants. 
To  express  NODAL  protein,  we  made  constructs  that  express  secreted  processed  NODAL  protein 
in  transfected  mammalian  cells.  We  found  that  processing  of  unmodified  NODAL  protein  is 
dependent  upon  the  cell  line  used  for  expression,  which  presumably  reflects  differential  expression 
of  the  specific  pro-protein  convertase(s)  required  for  NODAL  processing  (Constam  and  Robertson, 
1999).  As  shown  in  our  1999  report,  cleaved  mature  Nodal  protein  can  be  produced  in  the  culture 
supernatants  of  certain  mammalian  cell  lines. 

Using  our  purified  CRIPTO  protein  as  well  as  epitope-tagged  CRIPTO  and  NODAL 
proteins  produced  in  culture  supernatants  of  transfected  293T  cells,  we  obtained  evidence  from  co- 
immunoprecipitation  experiments  for  a  direct  binding  interaction  between  CRIPTO  and  NODAL, 
as  documented  in  our  1999  update.  These  data  suggest  that  CRIPTO  acts  as  a  co-factor  for 
NODAL  signaling  by  a  direct  protein  binding  interaction,  which  presumably  mediates  signaling 
through  activin  receptors.  In  ongoing  studies,  we  are  pursuing  biochemical  cross-linking 
experiments  to  further  investigate  this  interaction,  as  well  as  potential  interactions  with  activin 
receptors.  Taken  together,  our  results  imply  that  CRIPTO  may  not  have  a  cell-surface  receptor,  but 
instead  is  itself  a  co-receptor  for  a  ligand  of  the  TGF-(3  family.  Thus,  we  have  essentially  fulfilled 
Tasks  13-18  of  our  Statement  of  Work. 
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Key  Research  Accomplishments: 

■  We  have  generated  mice  carrying  targeted  gene  disruptions  of  Cripto  and  Cryptic.,  two  related 
members  of  the  EGF-CFC  family.  Our  analysis  of  these  mice  has  revealed  the  complementary 
requirements  of  Cripto  and  Cryptic  in  embryonic  anterior-posterior  axis  formation  and  left-right 
axis  formation,  respectively.  These  mice  display  significant  phenotypic  similarities  to  mutants  for 
the  TGF-P  related  factor  Nodal  and  for  activin  receptor  IIB.  Thus,  the  analysis  of  Cripto  and 
Cryptic  mutant  phenotypes  supports  an  interaction  of  EGF-CFC  genes  with  the  Nodal  signaling 
pathway,  and  support  the  hypothesis  that  EGF-CFC  proteins  are  essential  for  Nodal  in  signaling 
through  activin  receptors. 

■  We  have  generated  transgenic  mice  overexpressing  Cripto  in  the  mammary  gland.  These 
transgenic  mice  do  not  display  an  overt  morphological  phenotype,  consistent  with  the  lack  of 
activity  of  EGF-CFC  genes  in  isolation,  and  their  function  in  Nodal  signaling. 

■  We  have  expressed  CRIPTO  and  NODAL  proteins  in  cell  culture  for  analyses  of  their  activities 
and  potential  biochemical  interactions.  Purification  of  these  proteins  has  led  to  the  preliminary 
identification  of  a  potential  binding  interaction. 

■  Our  findings  raise  the  possibility  that  Cripto  overexpression  in  human  breast  cancer  may  result 
in  de-regulation  of  TGF-(3  signaling  pathways.  In  contrast,  our  results  are  not  consistent  with  a 
role  for  EGF-CFC  proteins  as  ligands  for  ErbB  receptors. 
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Conclusions: 

In  the  past  four  years,  we  have  made  important  progress  in  investigating  the  molecular  basis 
of  Cripto  function.  We  have  generated  several  lines  of  evidence  that  Cripto  acts  as  an  essential  co¬ 
factor  for  Nodal  signaling,  and  conversely,  that  Cripto  activity  requires  interaction  with  Nodal  and 
possibly  other  divergent  members  of  the  TGF-(3  family.  These  results  are  supported  by  our 
preliminary  data  indicating  a  direct  binding  interaction  between  CRIPTO  and  NODAL  proteins. 
Our  continuing  studies  will  further  investigate  these  biochemical  interactions,  and  will  utilize  these 
findings  to  examine  how  Cripto  expression  can  affect  cellular  proliferation  and  differentiation. 
Taken  together,  our  results  have  resulted  in  a  substantial  revision  of  views  of  Cripto  function,  and 
have  provided  fresh  insights  into  potential  mechanisms  of  Cripto  activity  in  mammary  development 
and  tumorigenesis. 
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The  supernatants  were  pre-deared  with  Sepharose-4BL  beads  and  immuno- 
precipitated  with  anti-Myc-epitope  antibody  (9E2.10).  The  immunoprecipi- 
tates  were  then  washed  twice  with  RIPA-DOC  buffer,  resolved  by  4-20%  SDS- 
PAGE,  and  quantified  by  phosphorimaging  with  subtraction  of  individual  lane 
background. 

Analysis  of  PS1 -transgenic  mice.  Wild-type  and  mutant  PS1  cDNAs  were 
cloned  into  a  Thy-1  expression  vector  and  transgenic  mice  were  generated  and 
bred  as  described26.  We  identified  founders  by  Southern  blotting  of  genomic 
DNA  from  tail  biopsies.  Transgene-positive  offspring  were  identified  by 
polymerase  chain  reaction  and  confirmed  by  western  blotting  of  cortical 
homogenates  for  human  PS1  fragments.  Transgenc  expression  was  also 
monitored  by  in  situ  hybridization  for  the  human  PS1  messenger  RNA. 
Quantitative  analysis  of  p-catenin  In  the  human  brain.  Grey  matter  was 
dissected  from  the  temporal  cerebral  cortex  of  control  cases  («  =  10,  average 
age  59  years,  age  range  25-86  years),  cases  with  sporadic  Alzheimer’s  disease 
(w  =  7,  average  age  71,  age  range  63-82),  and  cases  with  familial  Alzheimer’s 
disease  with  PS1  mutations  (G209V;  n  =  2;  C410Y,  n  =  3;  M139I,  n  =  2; 
H163R,  «  =  2;  average  age  51,  age  range  41-59;  one  case  with  a  C410Y 
mutation  was  84  years  old).  The  tissue  was  extracted  in  RIPA-DOC  buffer 
supplemented  with  protease  inhibitors  and  cleared  by  centrifugation 
(100,000g,  60  min,  4°C),  and  protein-equivalent  samples  were  resolved  by 
4-20%  SDS-PAGE.  For  detection  of  (3-catenin,  samples  were  heated  for  1  min 
at  90  °C  before  loading.  For  detection  of  PS1,  samples  were  loaded  without 
previous  heating.  The  proteins  were  elect rotransferred  to  Immobilon-P  mem¬ 
brane  and  immunoblotted  with  anti-PSl-N  (1:5,000)  or  anti-p-catenin 
(mAbl4;  1 : 1,000),  followed  by  incubation  with  12T-conj  ugatcd  anti-rabbit 
or  anti-mouse  IgG  and  quantitative  analysis  by  phosphorimaging. 

Analysis  of  neuronal  apoptosis.  We  established  and  transfected  primary 
cultures  of  rat  E18  hippocampal  neurons  as  described27.  We  added  fibrillar 
amyloid-p  protein  residues  1-40  (ref.  28)  to  40p.M  at  12  h  after  transfection, 
and  incubated  the  cultures  for  a  further  36  h.  Transfected  neurons  were 
identified  by  double  labelling  for  GFP  and  neuron-specific  P-tubulin.  Apopto- 
tic  neurons  were  identified  by  characteristic  nuclear  morphology  after  staining 
with  Hoechst  33342  (1  fxgmr1). 
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The  anterior-posterior  axis  of  the  mouse  embryo  is  established  by 
two  distinct  organizing  centres  in  the  anterior  visceral  endoderm 
and  the  distal  primitive  streak1  7.  These  organizers  induce  and 
pattern  the  head  and  trunk  respectively,  and  have  been  proposed 
to  be  localized  through  coordinate  cell  movements  that  rotate  a 
pre-existing  proximal-distal  axis6,8.  Here  we  show  that  correct 
localization  of  both  head-  and  trunk-organizing  centres  requires 
Cripto a  putative  signalling  molecule  that  is  a  member  of  the 
EGF-CFC  gene  family"12.  Before  gastrulation,  Cripto  is  asymme¬ 
trically  expressed  in  a  proximal-distal  gradient  in  the  epiblast, 
and  subsequently  is  expressed  in  the  primitive  streak  and  newly 
formed  embryonic  mesoderm.  A  Cripto  null  mutation  generated 
by  targeted  gene  disruption  results  in  homozygous  Cripto~'~ 
embryos  that  mostly  consist  of  anterior  neuroectoderm  and  lack 
posterior  structures,  thus  resembling  a  head  without  a  trunk. 
Notably,  markers  of  the  head  organizer  are  located  at  the  distal 
end  of  the  embryo,  whereas  markers  of  the  primitive  streak  are 
absent  or  localized  to  the  proximal  side.  Our  results  indicate  that 
Cripto  signalling  is  essential  for  the  conversion  of  a  proximal- 
distal  asymmetry  into  an  orthogonal  anterior-posterior  axis. 

Members  of  the  EGF-CFC  gene  family,  including  Cripto ,  murine 
Cryptic"  .Xenopus  FRL-1U,  and  zebrafish  one-eyed  pinhead'2,  encode 
secreted  proteins  that  contain  a  divergent  epidermal  growth  factor 
(EGF)-like  motif  and  a  novel  cysteine-rich  CFC  motif11,12.  EGF-CFC 
genes  are  expressed  during  gastrulation,  with  limited  expression  at 
later  embryonic  stages,  and  have  been  implicated  in  early  develop¬ 
ment.  For  example,  FRL-1  has  mesoderm  and  neural-inducing 
activities  in  Xenopus  animal  cap  assays1’,  and  one-eyed  pinhead  is 
required  for  prechordal  plate  formation  during  zebrafish 
gastrulation12.  Expression  of  Cripto  can  be  detected  in  the  epiblast 
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of  pre-streak-  and  primitive-streak-stage  embryos9'1";  Cripto  is 
necessary  for  cardiogenesis  during  embryonic  stem  cell  differentia¬ 
tion  in  culture14.  We  demonstrate  here  that  Cripto  is  required  for 
early  embryogenesis  in  the  mouse,  thus  establishing  an  essential  role 
for  the  EGF-CFC  family  in  mammalian  development. 

We  have  found  that  the  expression  of  Cripto  during  pregastrula- 
tion  and  gastrulation  stages  is  dynamic  and  is  associated  with  early 
signs  of  overt  anterior-posterior  asymmetry.  Before  gastrulation,  at 
5.5  days  post  coitum  (d.p.c.),  Cripto  expression  is  initially  sym¬ 
metric  and  uniform  in  the  epiblast,  and  is  not  found  in  the  extra- 
embryonic  visceral  endoderm  (Fig.  la,  b).  At  6.0  d.p.c.,  before 
primitive  streak  formation,  Cripto  becomes  asymmetrically 
expressed  in  the  epiblast,  in  a  graded  proximal-distal  distribution 
(Fig.  lc-e).  By  the  onset  of  gastrulation  (6.5  d.p.c.),  Cripto  expres¬ 
sion  localizes  to  the  region  of  the  nascent  primitive  streak  (Fig.  lf- 
h).  In  the  early  stages  of  gastrulation  (6.75  d.p.c.),  Cripto  expression 
is  found  in  the  primitive  streak  and  in  the  wings  of  embryonic 
mesoderm  that  spread  rostrally,  while  regressing  caudally  in  the 
epiblast  (Fig.  li,  j).  During  the  early  neural  plate  stage  (7.25  d.p.c.), 
expression  of  Cripto  fades  in  the  embryonic  mesoderm  and  becomes 
increasingly  confined  to  the  primitive  streak  and  head  process 
(Fig.  Ik,  1).  Cripto  expression  disappears  completely  by  the  late 
neural  plate  stage  (7.75  d.p.c.),  whereas  a  later  phase  of  expression  in 
cardiac  progenitors  initiates  at  the  late  head-fold  stage  (8.0  d.p.c.) 
(J.D.,  H.  Wang  and  M.M.S.,  unpublished  results). 

To  investigate  whether  Cripto  activity  is  required  for  proper 
gastrulation,  we  generated  a  null  mutation  by  targeted  gene  dis¬ 


ruption,  simultaneously  ‘knocking-in’  a  promoterless  lacZ  marker 
gene  (Fig.  2a).  The  resulting  heterozygous  Cripto +,~  mice  are 
phenotypically  normal,  and  Cripto' h  embryos  display  (5- 
galactosidase  staining  patterns  that  resemble  those  obtained  by  in 
situ  hybridization,  albeit  with  a  slight  lag  in  developmental  stage 
that  probably  reflects  protein  persistence  (Fig.  lm-r).  However, 
homozygosity  for  the  Cripto  targeted  mutation  results  in  embryonic 
lethality  (Fig.  2b).  Although  no  homozygous  embryos  were 
obtained  after  10.5  d.p.c.,  Cripto  homozygotes  were  recovered  in 
the  expected  mendelian  ratios  at  6.75  d.p.c.  through  to  8.5  d.p.c. 
(Fig.  2c). 

Morphological  and  histological  analysis  demonstrated  that 
Cripto  homozygotes  have  striking  defects  in  embryonic  mesoderm 
formation  and  axial  organization.  The  earliest  stage  at  which  Cripto 
homozygotes  can  be  reliably  distinguished  is  6.75  d.p.c.,  when  wild- 
type  littermates  are  at  early-to-mid-streak  stages  of  gastrulation.  At 
this  stage,  Cripto  mutants  can  be  identified  by  the  absence  of  a 
primitive  streak  and  embryonic  mesoderm,  and  by  a  thickened  layer 
of  visceral  endoderm  at  the  distal  tip  of  the  egg  cylinder  (Fig.  2d,h,i) . 
In  contrast,  in  wild-type  embryos,  the  visceral  endoderm  is  thin 
distally,  but  is  thicker  proximally  towards  the  embryonic/extra- 
embryonic  constriction,  particularly  on  the  anterior  side2 
(Fig.  2d,  g).  Later,  at  7.5  and  8.5  d.p.c.  Cripto  mutants  appear  to 
be  completely  deficient  for  embryonic  mesoderm  derivatives  such  as 
somites  and  cardiac  tissue,  whereas  extra-embryonic  mesoderm  is 
often  formed,  including  the  allantois  and  blood  islands  of  the 
visceral  yolk  sac  mesoderm  (Fig.  2d— 1).  Notably,  Cripto  mutant 
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Figure  1  Expression  of  Cripto  at  pre-gastrulation  and  gastrulation  stages,  a-l. 
Whole-mount  in  situ  hybridization  analysis,  a.  Uniform  symmetric  staining  in  the 
epiblast  at  5.5  d.p.c.;  b,  a  cross  section  shows  lack  of  expression  in  the  visceral 
endoderm.  c,  d,  Proximal-distal  gradient  of  expression  in  the  epiblast.  e,  Sagittal 
section  of  d.  f,  g,  Expression  shifts  caudally  before  the  onset  of  gastrulation  at 
6.5  d.p.c.  h,  Cross-section  of  g  shows  widespread  expression  in  the  epiblast  and 
no  expression  in  the  visceral  endoderm.  i,  Mid-streak  stage;  j,  cross-section 
shows  intense  staining  in  the  newly  formed  embryonic  mesoderm,  k,  I, 
Expression  persists  in  the  primitive  streak  and  head  process  at  the  neural  plate 


stage,  m-r,  p-Galactosidase  staining  of  Cripto  heterozygotes,  m,  n,  Uniform 
staining  in  the  epiblast  before  gastrulation.  o,  Sagittal  section  shows  proximal- 
distal  graded  staining  just  before  gastrulation.  p.  Early-streak  stage  embryo,  and 
q.  cross-section,  r,  Early  neural-plate-stage  embryo:  note  more  intense  staining  at 
distal  end  of  the  primitive  streak.  In  all  panels,  anterior  faces  to  the  left  when 
anterior-posterior  orientation  can  be  identified;  staging  before  primitive  streak 
formation  is  approximate.  Scale  bars,  0.05  mm.  A,  anterior;  D,  distal;  ep,  epiblast; 
hp,  head  process;  m,  mesoderm;  P,  posterior;  Pr,  proximal;  ps,  primitive  streak 
(bar  denotes  extent  of  streak);  ve,  visceral  extra-embryonic  endoderm. 
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Figure  2  Targeted  disruption  of  Cripto  and  characterization  of  the  null  phenotype, 
a.  Homologous  recombination  with  the  targeting  vector  deletes  the  entire  Cripto 
coding  region  (dark  boxes),  and  inserts  a  promoter-less  LacZ  marker  gene  into 
the  5'  untranslated  region;  triangles  indicate  orientation  of  PGK-neo,  LacZ ,  and 
PGK-tk  cassettes.  A,  Apa I,  E,£coRI;S,Sspl;X,  Xbai.b,  Southern  blotting  using  a 
5'  flanking  probe  (A)  detects  a  5-kb  Sspl  fragment  in  wild-type  genomic  DNA  and 
a  6-kb  fragment  (arrow)  from  the  targeted  allele  in  ES  cells  (lanes  1. 2)  and  in  mice 
(lanes  3,  4),  Targeted  ES  clones  were  confirmed  using  a  LacZ  probe  and  a  3' 
external  probe  (B)  (not  shown),  c,  PCR  analysis  of  extra-embryonic  tissues 
demonstrates  recovery  of  wild-type  (lanes  1-3),  heterozygous  (lanes  4-6),  and 
homozygous  mutant  embryos  (lanes  7-9)  at  7.5  d.p.c.;  the  primers  amplify  a  751- 
bp  LacZ  fragment  and  a  536-bp  Cripto  genomic  fragment  deleted  in  the  targeted 
allele,  d-f,  Morphology  of  dissected  embryos;  scale  bars  represent  0.2  mm.  d, 
Wild-type  mid-streak  stage  embryo  at  6.75  d.p.c.  (left)  and  two  Cripto  mutant 
littermates  (centre,  right),  showing  thickened  visceral  endoderm  at  the  distal  tip 
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(arrows),  e,  Wild-type  early  head-fold  embryo  at  7.5  d.p.c.  (left)  and  mutant 
littermate  with  ectopic  ectodermal  folds  (arrow),  f,  Wild-type  embryo  at  8.5  d.p.c. 
(left)  and  mutant  littermate  (right),  with  an  apparent  blood  island  in  the  extra- 
embryonic  region  (arrow),  g-l,  Haematoxylin-eosln  staining  of  paraffin  sections 
of  embryos  within  intact  decidual  tissue  at  6.75  d.p.c.  (g-l)  and  at  7.5  d.p.c.  (j-l); 
scale  bars  represent  0.1  mm.  g-i,  Wild-type  mid-streak  embryo  (g)  and  Cripto 
mutant  littermate  (h),  showing  lack  of  primitive  streak  and  embryonic  mesoderm 
and  thickening  of  the  visceral  endoderm  at  the  distal  tip  (arrow),  also  shown  at 
higher  power  (i).  j-l.  Wild-type  neural-plate-stage  embryo  (j)  and  two  Cripto 
mutant  littermates,  one  with  no  evidence  of  primitive  streak  or  mesoderm 
formation  (k),  and  the  second  showing  formation  of  extra-embryonic  mesoderm, 
but  not  embryonic  mesoderm  (I),  Abbreviations:  ave,  anterior  visceral  endoderm; 
em,  extra-embryonic  mesoderm;  hf,  head  folds;  m,  embryonic  mesoderm;  ps, 
primitive  streak;  som,  somites;  ve,  visceral  endoderm. 


embryos  have  ectopic  folds  of  ectodermal  tissue  that  are  located 
distally,  and  frequently  lack  an  overt  anterior-posterior  axis  (Fig. 
2d  — 1). 

We  further  characterized  the  Cripto  mutant  phenotype  by  exam¬ 
ining  expression  of  appropriate  marker  genes  for  specific  tissues  in 
embryos  dissected  at  7.5  d.p.c.  and  8.5  d.p.c.  Consistent  with  our 
histological  findings,  we  observed  no  embryonic  expression  of 
HNF-3(3  and  Sonic  hedgehog  ( Shh ),  which  are  markers  of  axial 
mesoderm  and  definitive  endoderm  at  these  stages  (Fig.  3a,  b). 
We  also  found  no  evidence  for  formation  of  paraxial  mesoderm 
using  a  Moxl  probe15  (Fig.  3c).  Similar  results  were  obtained  using  a 
Liml  probe  for  caudal  lateral  plate  mesoderm  (data  not  shown).  To 
determine  the  identity  of  the  ectopic  ectodermal  folds  in  Cripto 
mutants,  we  next  investigated  the  expression  of  several  neuro¬ 
ectoderm  markers,  in  all  Cripto  homozygotes  examined,  we  found 
widespread  expression  in  the  ectoderm  layer  for  Otx2,  which  is 
initially  expressed  throughout  the  undifferentiated  epiblast  before 
gastrulation  and  then  marks  the  prospective  forebrain  and  midbrain 
at  7.5  d.p.c.16  (Fig.  3d,  e).  In  addition,  expression  of  the  forebrain 
marker  BF1 17  was  observed  in  four  out  of  seven  embryos  at  7.5  d.p.c. 
and  8.5  d.p.c.  (Fig.  3f).  Enl,  a  marker  of  prospective  midbrain  and 
anterior  hindbrain,  was  expressed  in  every  homozygous  embryo 
examined,  usually  in  an  asymmetric  patch  (Fig.  3g,  h).  In  contrast  to 


these  anterior  neuroectoderm  markers,  staining  was  not  observed 
for  Krox20,  a  marker  for  rhombomeres  3  and  5  of  the  posterior 
hindbrain  (Fig.  3i).  Similarly,  expression  of  the  more  caudal  neural 
and  mesodermal  markers  HoxBl  and  HoxB4  was  completely  absent 
(Fig.  3j;  data  not  shown).  To  rule  out  the  possibility  that  the  tissues 
in  Cripto  mutant  embryos  correspond  to  undifferentiated  epiblast, 
we  examined  expression  of  the  epiblast  marker  Oct4  and  found  no 
evidence  of  expression  at  7.5  d.p.c.  (data  not  shown).  Based  on  these 
data,  we  conclude  that  Cripto  mutant  embryos  are  severely  deficient 
for  production  of  embryonic  mesoderm  and  endoderm,  and  instead 
largely  consist  of  anterior  neuroectoderm. 

The  absence  of  embryonic  mesoderm  and  ectopic  neuroectoderm 
in  Cripto  mutants  suggested  that  formation  and/or  localization  of 
the  trunk  and  head  organizing  centres  might  be  defective.  To 
determine  whether  the  trunk  organizing  centre  is  affected,  we 
used  Brachyury,  an  early  marker  of  the  primitive  streak,  and 
found  that  it  was  expressed  in  a  proximal  band  near  the  embryo- 
nic/extraembryonic  constriction  at  6.75  d.p.c.  (Fig.  3k,  1),  but  was 
undetectable  at  7.5  d.p.c.  (data  not  shown).  To  confirm  this  finding, 
we  examined  the  markers  Fgf8  and  Evxl ,  which  mark  the  entire 
streak  and  caudal  (proximal)  primitive  streak  respectively18,  and 
obtained  similar  results  at  6.75  d.p.c.  (Fig.  3m;  data  not  shown).  We 
also  examined  expression  of  Liml,  which  marks  both  the  primitive 
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Figure  3  Analysis  of  marker  gene  expression.  Panels  show  whole-mount  in  situ 
hybridization  on  a  wild-type  littermate  control  (left),  with  anterior  facing  to  the  left, 
and  a  Cripto  mutant  embryo  (right),  a-j,  Analysis  of  embryos  at  7.5  (a.  d,  e)  and 
8.5  d.p.c.  (b,  c,  f-j).  a,  HNF3-P  is  not  expressed  in  the  embryonic  region  of  a  Cripto 
mutant;  weak  staining  in  extraembryonic  endoderm  of  the  visceral  yolk  sac  is 
detected  in  both  embryos,  b,  No  expression  of  Sonic  hedgehog  in  a  Cripto 
mutant,  c,  Moxl  expression  is  not  observed  in  a  mutant  embryo,  d,  0tx2 
expression  in  the  ectopic  distal  ectodermal  folds  of  a  Cripto  mutant,  also  shown  in 
sagittal  section  (e);  note  the  presence  of  an  allantois  in  the  extra-embryonic 
region.  f.BFl  is  expressed  asymmetrically  in  a  Cripto  mutant,  g ,En1  is  expressed 
in  the  ectodermal  folds  of  a  Cripto  mutant,  also  shown  in  sagittal  section  (h).  i.  No 
expression  is  detected  in  Cripto  mutants  for  Krox20.  j,  No  expression  is  detected 
in  Cripto  mutants  torHoxBI,  a  marker  for  rhombomere  4  and  the  posterior  neural 
tube  and  mesoderm,  k-u,  Analysis  of  embryos  at  6.75  d.p.c.  k,  Brachyury  is 
expressed  in  the  primitive  streak  of  the  wild-type  embryo,  but  in  a  proximal  band  in 
the  mutant  (arrows),  also  shown  in  frontal  section  (I).  m.  Fgf8  is  expressed 

streak  and  the  anterior  visceral  endoderm1  (head  organizing  centre), 
and  observed  expression  in  the  proximal  epiblast  (Fig.  3n).  In 
contrast,  expression  of  Goosecoid  ( Gsc ),  which  marks  the  anterior 
visceral  endoderm  and  the  rostral  (distal)  region  of  the  primitive 
streak3,  was  absent  or  appeared  in  a  faint  proximal  band  (Fig.  3o). 
Similar  results  were  obtained  for  HNF-3(3,  which  is  likewise 
expressed  in  the  anterior  visceral  endoderm  and  rostral  primitive 
streak3  (data  not  shown).  In  addition,  as  Cripto  expression  marks 
the  primitive  streak,  we  performed  (3-galactosida.se  staining  of 
mutant  embryos  at  6.75  d.p.c.  and  found  that  staining  was  always 
absent  (data  not  shown). 

Finally,  we  investigated  whether  head  organizing  activities  are 
affected  in  Cripto  mutants  by  examining  several  markers  that  are 
normally  expressed  in  the  anterior  visceral  endoderm  during  early 
gastrulation.  Expression  of  Hesxl  (also  known  as  Rpx),  which  marks 
the  anterior  visceral  endoderm  and  is  subsequently  induced  in  the 
adjacent  neuroectoderm119,  was  found  throughout  the  ectodermal 
layer  of  the  distal  region  of  the  egg  cylinder  at  6.75  d.p.c.  (Fig.  3p,  q); 
this  ectopic  expression  significantly  precedes  the  normal  time  at 


proximallyin  a  Cripto  mutant,  n,  Limited  proximal  expression  oWml  in  a  Cripto 
homozygote  (arrow);  faint  staining  in  the  distal  visceral  endoderm  can 
occasionally  be  observed  in  mutants  (not  shown),  o,  Faint  proximal  staining  for 
Goosecoid  in  a  Cripto  mutant  (arrow),  p,  Extensive  expression  of  Hesxl  is 
observed  for  all  Cripto  mutants  in  the  ectoderm,  as  shown  by  a  sagittal  section  (q); 
weak  staining  in  the  visceral  endoderm  can  often  be  observed  but  is  largely 
obscured  by  the  ectoderm  expression,  r,  Hex  expression  in  the  thickened  visceral 
endoderm  of  aCripto  mutant;  8,  sagittal  section  shows  the  apparent  limits  of  distal 
staining  (arrowheads),  t.  Cerberus-like  is  expressed  in  the  distal  visceral 
endoderm  of  a  mutant  embryo  (arrow);  u,  frontal  section  shows  that  the  apparent 
distribution  of  staining  is  broad  and  asymmetric  (arrowheads).  Scale  bars 
correspond  to  0.2  mm.  Abbreviations:  al,  allantois;  anp,  anterior  neural  plate;  ave, 
anterior  visceral  endoderm;  hg,  hindgut;  m,  embryonic  mesoderm;  mes-met, 
mesencephalon-metencephalon;  ntc,  notochordal  plate  or  notochord;  nd,  node; 
ps.  primitive  streak;  som,  somites;  r,  rhombomere;  tel,  telencephalon;  vys,  visceral 
yolk  sac. 

which  Hesxl  expression  appears  in  the  anterior  neural  plate  of  wild- 
type  embryos.  This  finding  suggested  that  head  organizer  activity 
might  be  mislocalized  distally  in  Cripto  mutants,  which  may  be 
consistent  with  the  thickened  visceral  endoderm  at  the  distal  tip 
(Fig.  2d,h,i).  To  confirm  this,  we  examined  expression  of  Cerberus- 
like  (Cer-I),  which  encodes  a  candidate  head-inducing  signal'3,5,  and 
Hex ,  which  is  the  earliest  known  marker  of  the  prospective  head 
organizer  and  of  anterior-posterior  polarity6.  Both  of  these  genes 
were  expressed  in  the  thickened  region  of  visceral  endoderm,  with  a 
broad  distribution  around  the  distal  tip  that  was  sometimes  slightly 
askew  (Fig.  3r-u). 

In  summary,  our  analysis  of  Cripto  mutants  indicates  that  early 
markers  of  a  head-organizing  centre  (Hex,  Cerberus-like)  are  mis¬ 
localized  in  the  distal  visceral  endoderm  and,  as  a  result,  anterior 
neuroectoderm  is  induced  distally.  In  contrast,  early  markers  of  the 
primitive  streak  ( Brachyury. ,  Fgf8 )  are  mislocalized  proximally, 
whereas  little  or  no  expression  is  observed  for  later  markers  of  the 
distal  primitive  streak  ( Goosecoid ,  HNF-3/3),  which  corresponds  to 
the  position  of  the  trunk  organizing  centre  and  future  node.  These 
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Figure  4  Schematic  interpretation  of  the  Cripto  mutant  phenotype,  a,  Model  for 
anterior-posterior  axis  formation  proposed  by  Beddington  et  al.  (adapted  from 
refs  6, 8).  Expression  of  Hex  (red)  and  Brachyury  (blue)  correspond  to  the  position 
of  prospective  anterior  and  posterior  organizing  centres,  respectively;  orange 
arrows  represent  putative  head-inducing  activities.  Also  shown  is  the  expression 
of  Cripto  (hatched)  at  these  stages,  based  on  Fig.  1.  Dashed  lines  indicate  the 
embryonic/extra-embryonic  boundary,  b,  Deduced  locations  of  anterior  and 
posterior  organizing  centres  in  Cripto  mutant  embryos.  We  propose  that 
mislocalization  of  head-organizing  activities  accounts  for  the  ectopic  generation 
of  anterior  neuroectoderm  in  a  distal  position.  Note  that  loss  of  Cripto  activity 
results  in  a  phenotype  in  the  visceral  endoderm,  where  it  is  not  expressed, 
consistent  with  its  putative  role  as  a  signalling  factor,  although  the  basis  for  this 
effect  may  be  indirect. 

findings  correlate  with  the  failure  to  form  embryonic  mesoderm, 
but  not  extra-embryonic  mesoderm,  and  demonstrate  that  anterior 
neural  fates  can  arise  in  the  absence  of  embryonic  mesoderm. 
Moreover,  the  lack  of  posterior  neuroectoderm  in  Cripto  mutants 
is  consistent  with  a  lack  of  signals  from  paraxial  mesoderm  that  arc 
normally  required  to  caudalizc  neurocctoderm20.  Consequently, 
Cripto  mutant  embryos  display  a  ‘head-without-trunk’  phenotype 
that  is  superficially  the  opposite  of  that  found  in  mutants  for  Otx2 
and  Liml,  which  have  defects  in  head-organizing  activities21-21. 
Mislocalized  distal  expression  of  Cerberus-like  has  been  observed 
in  Otx2  mutants’,  and  mislocalized  proximal  expression  of 
Goosecoid  in  Ofx222  and  Litn-1  mutants21;  however,  these  mutants 
have  at  least  partially  intact  trunk-organizing  activities.  Further¬ 
more,  the  Cripto  null  phenotype  also  differs  from  that  of  Smnd2, 
which  results  in  a  lack  of  anterior-posterior  asymmetry  and  no 
localized  expression  of  markers  for  both  head  and  trunk  organizing 
centres7.  Thus,  Smnd2  is  required  for  the  generation  of  the  anterior- 
posterior  organizing  centres,  whereas  Cripto  is  required  for  their 
correct  localization. 

Our  results  support  a  recent  model  proposed  to  explain  the 
formation  of  the  anterior-posterior  axis  in  the  mouse  embryo. 
Beddington  et  al.  have  suggested  that  precursors  of  the  head-  and 
trunk-organizing  centres  originate  on  the  distal  and  proximal  ends 
of  the  pregastrulation  embryo,  and  that  vectorial  cell  movements 
convert  this  pre-existing  distal-proximal  asymmetry  into  an  ante¬ 
rior-posterior  axis  before  gastrulation'’'*  (Fig.  4a).  Our  findings 
agree  with  this  model  as  we  found  that  Cripto  is  required  for  the 
correct  orientation  of  the  anterior-posterior  axis.  In  particular,  our 
data  indicate  that  rotation  of  the  anterior-posterior  axis  fails  to 
occur  in  the  absence  of  Cripto  activity,  resulting  in  mislocalization  of 
the  head-  and  trunk-organizing  centres  (Fig.  4b).  We  suggest  that 
Cripto  signalling,  possibly  involving  its  proximal-distal  gradient  of 
expression,  is  required  for  the  vectorial  movements  that  correctly 
orient  the  anterior-posterior  axis,  and  perhaps  for  coordinating 
these  cell  movements  in  two  distinct  tissue  layers. 

Relatively  little  is  known  about  the  signalling  activities  of  EGF- 
CFC  protein  products  and  the  molecular  identities  of  their  putative 
receptor(s),  although  recombinant  Cripto  protein  activates  the  Ras/ 
Raf/MAPK  pathway  in  cultured  mammary  epithelial  cells2'1.  Our 
demonstration  of  an  essential  role  for  Cripto  in  anterior-posterior 


axis  formation  underscores  the  importance  of  this  newly  identified 
family  of  signalling  molecules  in  vertebrate  development.  □ 


Methods 

Gene  targeting.  A  partial  cDNA  corresponding  to  base  pairs  (bp)  41  to  985  of 
the  published  Cripto  sequence9  was  amplified  by  RT-PCR  from  F9  teratocarci- 
noma  cells,  and  used  to  screen  a  A.FIXI1  library  constructed  from  129Sv/J 
genomic  DNA  (Stratagcne).  Positive  phage  clones  were  screened  by  PCR  to 
distinguish  the  authentic  Cripto  locus  from  pseudogenes2’.  To  construct  a 
targeting  vector  for  Cripto,  a  6.5-kb  April  to  £coRI  fragment  was  cloned  into  the 
BnmHI/£coRI  sites  of pPNT'-1'  to  create  the  3’  flank.  The  5’  flank  was  cloned  as  a 
2.6-kb  Xhol  to  Sspl  fragment  cloned  into  the  Notl  site  of pSDKlacZpA11 ,  excised 
as  a  Notl/Xhol  fragment  and  cloned  into  the  NotMXhoi  sites  of  pPNT  contain¬ 
ing  the  3'  flank.  Note  that  the  Sspl  site  of  the  5'  arm  is  located  at  bp  175  of  the 
Cripto  cDNA  sequence  in  the  5'  untranslated  region.  The  linearized  construct 
was  electroporated  into  TCl  ES  cells2*;  targeted  clones  were  obtained  at  a 
frequency  of  1 3%  ( 19/ 1 45).  ES  cell  culture  and  blastocyst  injection  were  done  as 
described29.  Chimaeric  males  obtained  following  blastocyst  injection  were  bred 
with  Black  Swiss  females  (Taconic),  and  germline  transmission  was  obtained 
from  one  targeted  ES  clone.  The  targeted  mutation  has  been  maintained 
through  backcrossing  with  outbred  Black  Swiss  mice,  and  on  an  inbred  129/ 
SvEv  strain  background;  the  phenotype  of  Cripto  mutant  embryos  appears 
similar  in  both  genetic  backgrounds. 

Embryo  genotyplng  and  phenotypic  analysis.  Staging  of  embryos  was  done 
according  to  standard  criteria10;  0.5  d.p.c.  is  considered  to  be  noon  of  the  day  of 
the  copulatory  plug.  Embryos  analysed  at  7.5  d.p.c.  and  8.5  d.p.c.  were 
genotyped  by  PCR  using  extraembryonic  tissues;  for  6.75  d.p.c.,  over  50 
embryos  have  been  genotyped,  with  a  strict  correlation  observed  between  the 
genotype  and  the  phenotype  described.  PCR  amplification  for  genotyping  was 
done  at  an  annealing  temperature  of  59  °C,  using  the  following  primers;  for 
LacZ,  5'  CCGCGCTGTACTGGAGGCTGAAG  3’  and  5’  ATACTG- 
CACCGGGCGGGAAGGAT  3';  for  Cripto,  5'  GCGCACGCTTCCAACTCTA- 
CAATC  3'  and  5'  TTCCAAGGCAACCAGGGCTACAC  3'  (corresponding  to 
bp  2,464-2,999  of  the  genomic  sequence2’).  Histological  analysis  of  intact 
decidua  was  performed  as  described29. 

In  situ  hybridization  and  probes.  Whole-mount  in  situ  hybridization  was 
carried  out  as  previously  described11  using  the  indicated  probes,  except  that 
embryos  were  processed  in  0.74-p.m  mesh  inserts  (Costar)  for  ease  of 
handling1’.  For  each  probe,  at  least  five,  and  usually  six  or  more,  Cripto 
mutant  embryos  were  examined  at  each  developmental  stage  analysed. 
Whole-mount  embryos  were  stained  for  fi-galactosidase  activity  as  described27. 
Received  8  June;  accepted  3!  July  1998. 

1 .  Thomas,  P.  &  Beddington,  R.  S.  P.  Anterior  primitive  endoderm  may  he  responsible  for  patterning  the 
anterior  neural  plate  in  the  mouse  embryo.  Girr.  Biol.  6,  1487-1496  (1996). 

2.  Varlet,  I.,  Collignon,  J.  &  Robertson.  E.  J.  iwtlal  expression  in  the  primitive  endoderm  is  required  lor 
specification  of  the  anterior  axis  during  mouse  gastrulation.  Development  124,  1033-1044  (1997). 

3.  Belo,  J.  A.  et  al  Cerberus-like  is  a  secreted  factor  with  neutralizing  activity  expressed  in  the  anterior 
primitive  endoderm  of  the  mouse  gastrula.  Meek  Dev.  68,  45-57  (1997). 

4.  'Jam.  P.  P.  &  Behringer,  R.  R.  Mouse  gastrulation:  the  formation  of  a  mammalian  body  plan.  Meek 
Dev.  68,  3-25  (1997). 

5.  Biben,  C.  ct  al  Murine  cerberus  homologuc  mCer-1:  a  candidate  anterior  patterning  molecule.  Dev. 
Biol.  194,  135-151  (199S). 

6.  Thomas,  P.  Q„  Brown,  A.  &  Beddington,  R.  S.  1’.  Ilex, :  homeobox  gene  revealing  peri-implantation 
asymmetry  in  the  mouse  embryo  and  an  early  transient  marker  of  endothelial  cell  precursors. 
Development  125, 85-94  (1998). 

7.  Waldrip,  \V.  R„  Bikoft,  L  K.,  1  loodless,  P.  A.,  Wrana,  J.  L.  &  Robertson,  E.  J.  Smad2  signaling  in 
extraembryonic  tissues  determines  anterior-posterior  polarity  of  the  early  mouse  embryo.  Cell  92, 
797-808  (1998). 

8.  Beddington,  R.  S.  P.  &  Robertson,  E.  1.  Anterior  patterning  in  mouse.  Trends  (lend.  14,  277-284 
(1998). 

9.  Dono,  R.  ct  al.  The  murine  cripto  gene:  expression  during  mesoderm  induction  and  early  heart 
morphogenesis.  Development  118,  1157-1168  (1993). 

10.  Johnson,  S.  E.,  Rothstein.  J.  I..  &  Knowles.  B.  B.  Expression  of  epidermal  growth  factor  family  gene 
members  in  early  mouse  development.  Dev.  Dyn.  201,  216-226  (1994). 

1 1.  Shen,  M.  M.,  Wang,  1 1.  &  Leder,  P.  A  differential  display  strategy  identifies  Cryptic,  a  novel  EGF-related 
gene  expressed  in  the  axial  and  lateral  mesoderm  during  mouse  gastrulation.  Development  124, 429- 
442  (1997). 

12.  Zhang,  J.,  Talbot,  W.  S.  &  Schier,  A.  F.  Positional  cloning  identifies  zebrafish  one-cyctl  pinhead  as  a 
permissive  EGF-related  ligand  required  during  gastrulation.  Cell  92,  241-251  (1998). 

13.  Kinoshita,  N„  Minshull,  1.  &  Kirschner,  M.  W.  The  identification  of  two  novel  ligands  of  the  FGF 
receptor  by  a  yeast  screening  method  and  their  activity  in  Xeitopus  development.  Cell  83,  621-630 
(1995). 

14.  Xu,  C,  Liguori,  (!.,  Adamson,  E.  D.  &  Persico,  M.  G.  Specific  arrest  of  cardiogenesis  in  cultured 
embryonic  stem  cells  lacking  Cripto- 1.  Dev.  Biol.  196,  237-247  (1998). 

15.  (kindia,  A.  F.  ct  al.  Max-1  and  Max-2  define  a  novel  homeobox  gene  subfamily  and  are  differentially 
expressed  during  early  mesodermal  patterning  in  mouse  embryos.  Development  116, 1 123-1136  (1992). 


706 


Nature  ©  Macmillan  Publishers  Ltd  1998 


NATURE  |  VOL  395 1 1 5  OCTOBER  1 998 1  www.nature.com 


letters  to  nature 


16.  Ang,  S.  L,  ("onion,  R.  A.,  Jin,  O.  &  Rossant,  J.  Positive  and  negative  signals  from  mesoderm  regulate 
the  expression  of  mouse  Otx2  in  ectoderm  explants.  Development  120, 2979-2989  (1994). 

1 7.  Tao,  W.  &  Lai,  li.  'lelencephalon-restricted  expression  of  BP- 1 ,  a  new  member  of  the  I  INF- 3/fork  head 
gene  family,  in  the  developing  rat  brain.  Neuron  8,  957-966  (1992). 

1 8.  Crossley,  P.  1  i.  &  Martin,  G.  R.  The  mouse  EgflJ  gene  encodes  a  family  of  polypeptides  and  is  expressed 
in  regions  that  direct  outgrowth  and  patterning  in  the  developing  embryo.  Development  121 , 439-451 
(1995). 

19.  Hermesz,  U„  Mackem,  S.  &  Mahon,  K.  A.  Rpx:  a  novel  anterior-restricted  homeobox  gene 
progressively  activated  in  the  prechordal  plate,  anterior  neural  plate  and  Rathke’s  pouch  of  the 
mouse  embryo.  Development  122, 41-52  (1996). 

20.  Muhr, ).,  Jessell,  T.  M .  &  Udlund,  T.  Assignment  of  early  caudal  identity  to  neural  plate  cells  by  a  signal 
from  caudal  paraxial  mesoderm.  Neuron  19,487-502  (1997). 

21.  Shawlot,  VV.  &  Behringer,  R.  R.  Requirement  for  Liml  in  head-organizer  function.  Not  ore  374, 425- 
430(1995). 

22.  Ang,  S.  L.  ct  nl.  A  targeted  mouse  Otx2  mutation  leads  to  severe  defects  in  gastrulation  and  formation 
of  axial  mesoderm  and  to  deletion  of  rostral  brain.  Development  122, 243-252  (1996). 

23.  Rhinn,  M.  ct  nl.  Sequential  roles  for  Otx2  in  visceral  endoderm  and  neuroectodcrm  for  forebrain  and 
midhrain  induction  and  specification.  Development  125,  845-856  (1998). 

24.  Kannan,  S.  ct  nl.  Cripto  enhances  the  tyrosine  phosphorylation  of  She  and  activates  mitogen-activated 
protein  kinase  (MAPK)  in  mammary  epithelial  cells.  /.  Biol.  Client.  272,  3330-3335  (1997). 

25.  l.iguori,  (1.  et  nl.  Characterization  of  the  mouse  Tdgfl  gene  and  Tdgf  pseudogenes.  Mnnim.  Genome?, 
344-348  (1996). 

26.  Tylxilewicz,  V.  L.,  Crawford,  C.  E.,  Jackson,  P.  K.,  Bronson,  R.  T.  &  Mulligan,  R.  C.  Neonatal  lethality 
and  lymphopenia  in  mice  with  a  homozygous  disruption  of  the  c -abl  proto-oncogene.  Cell  65, 1 1 53- 
1163  (1991). 

27.  Shabby,  l:.  ef  nl.  Failure  of  blood -island  formation  and  vasculogenesis  in  Flk-1  deficient  mice.  Not  ore 
376, 62-66  (1995). 

28.  Deng,  C„  Wynshaw-Boris,  A.,  Zhou,  F„  Kuo,  A.  &  Leder,  P.  Fibroblast  growth  factor  receptor  3  is  a 
negative  regulator  of  bone  growth.  Cell  84,  911-921  (1966). 

29.  Deng,  C.-X.  ct  nl.  Murine  FGFR-1  is  required  for  early  postimplantation  growth  and  axial 
organization.  Gettcs  Dev.  8,  3045-3057  (1994). 

30.  Downs,  K.  M.  &  Davies,  T.  Staging  of  gastrulating  mouse  embryos  by  morphological  landmarks  in  the 
dissecting  microscope.  Development  118,  1255-1266  (1993). 

Acknowledgements.  We  thank  C.  Abate-Shen,  R.  Beddington,  R.  Behringer,  U.  DeRohcrtis,  A.  Joyner, 
R.  Krumlauf,  li.  Lai,  (I.  Martin,  A.  McMahon,  I.  Rossant  and  C.  Wright  for  gifts  of  probes  and  reagents; 
1 1.  Wang  and  L.  Garrett  for  technical  assistance;  and  C.  Abate-Shen,  R.  Steward,  and  members  of  M.  M.S.’s 
laboratory  for  advice  and  comments  on  the  manuscript.  This  work  was  supported  by  a  postdoctoral 
fellowship  from  the  American  Heart  Association  (J.D.),  and  by  grants  from  the  American  Heart 
Association,  the  U.S.  Army  Breast  Cancer  Research  Program,  and  the  Nil  I  (to  M.M.S.). 

Correspondence  and  requests  for  materials  should  be  addressed  to  M.M.S.  (e-mail;  mshcnCfcahm. 
rutgcrs.edu). 

1  '  1  ' 

Sexually  dimorphic 
development  of  the 
mammalian  reproductive 
tract  requires  Wnt-7a 

Brian  A.  Parr*  &  Andrew  P.  McMahon 

Department  of  Molecular  anti  Cellular  Biology,  The  Biolabs,  Harvard  University, 
16  Divinity  Avenue,  Cambridge,  Massachusscts  02138,  USA 


An  important  feature  of  mammalian  development  is  the  genera¬ 
tion  of  sexually  dimorphic  reproductive  tracts  from  the  Mullerian 
and  Wolffian  ducts.  In  females,  Mullerian  ducts  develop  into  the 
oviduct,  uterus,  cervix  and  upper  vagina,  whereas  Wolffian  ducts 
regress.  In  males,  testosterone  promotes  differentiation  of  Wolf¬ 
fian  ducts  into  the  epididymis,  vas  deferens  and  seminal  vesicle. 
The  Sertoli  cells  of  the  testes  produce  Mullerian-inhibiting  sub¬ 
stance,  which  stimulates  Mullerian  duct  regression  in  males1'1. 
The  receptor  for  Mullerian-inhibiting  substance  is  expressed  by 
mesenchymal  cells  underlying  the  Mullerian  duct  that  are  thought 
to  mediate  regression  of  the  duct5"7.  Mutations  that  inactivate 
either  Mullerian-inhibiting  substance  or  its  receptor  allow  devel¬ 
opment  of  the  female  reproductive  tract  in  males8"12.  These 
pseudohermaphrodites  are  frequently  infertile  because  sperm 
passage  is  blocked  by  the  presence  of  the  female  reproductive 
system9,10'12.  Here  we  show  that  male  mice  lacking  the  signalling 
molecule  Wnt-7a  fail  to  undergo  regression  of  the  MUllerian  duct 
as  a  result  of  the  absence  of  the  receptor  for  Mullerian-inhibiting 
substance.  Wnt7a- deficient  females  are  infertile  because  of  abnor¬ 
mal  development  of  the  oviduct  and  uterus,  both  of  which  are 
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Mullerian  duct  derivatives.  Therefore,  we  propose  that  signalling 
by  Wnt-7a  allows  sexually  dimorphic  development  of  the 
Mullerian  ducts. 

Wnt-7a  is  a  member  of  the  Wnt  family  of  secreted  glycoproteins, 
which  function  as  signalling  molecules  in  several  developmental 
contexts13.  We  have  described  previously  the  generation  of  a  mutant 
Wnt-7a  allele  by  homologous  recombination  in  mouse  embryonic 
stem  cells14.  Mice  homozygous  for  the  targeted  allele  exhibit  defects 
in  limb  patterning,  but  are  otherwise  fully  viable11'15.  However,  we 
did  not  observe  pregnancies  when  homozygous  Wnf-7n-mutant 
males  or  females  were  mated. 

To  study  the  Wnf-7n-associated  sterility,  we  dissected  the  repro¬ 
ductive  tracts  of  postnatal  mice.  The  Mullerian  duct  derivatives  of 
homozygous  W/»f-7u-mutant  neonate  or  adult  females,  as  com¬ 
pared  with  their  wild-type  or  heterozygous  littermates,  failed  to 
differentiate  properly.  At  the  neonatal  stage,  Mullerian  ducts  are 
present  but  there  are  no  signs  of  coiled  oviducts  in  homozygous 
Wnf-7fl-mutant  females  (Fig.  la-c).  In  addition,  the  uterine  wall  is 
thinner  and  notably  less  muscular  than  that  of  the  wild-type  mice 
(Fig.  lc).  Adult  Wnf-7fl_,_  females  still  lack  visibly  coiled  oviducts, 
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Figure  1  Development  of  female  reproductive  tracts  in  wild-type  and  Wnt-7a- 
mutant  mice,  a,  b.  The  urogenital  region  of  a,  wild-type  and  b,  mutant  neonates, 
k.  kidney;  o,  ovary;  u,  uterus,  c,  Coiled  oviducts  (od)  are  seen  in  wild-type  (left)  but 
notin  mutant  (right)  neonatal  mice.  The  uterus  of  the  mutants  is  less  muscular  and 
more  slender  than  the  wild-type  uterus,  d,  Adult  reproductive  tracts  of  wild-type 
(left)  and  homozygous  Wnt-7a- mutant  (right)  females.  The  wild-type  uterus  is 
substantially  larger  and  thicker  than  the  mutant  uterus.  However,  ovarian 
development  is  similar,  e,  f,  The  coiled  oviduct,  which  is  visible  in  wild-type 
mice  (a),  is  not  apparent  in  Wnt-7a  mutants  (f).  Comparative  photographs  of  wild- 
type  and  mutant  siblings  in  all  figures  are  taken  at  the  same  magnification. 
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Specification  of  the  left-right  (L-R)  axis  in  the  vertebrate  embryo  requires  transfer  of  positional  information 
from  the  node  to  the  periphery,  resulting  in  asymmetric  gene  expression  in  the  lateral  plate  mesoderm.  We 
show  that  this  activation  of  L-R  lateral  asymmetry  requires  the  evolutionarily  conserved  activity  of  members 
of  the  EGF-CFC  family  of  extracellular  factors.  Targeted  disruption  of  murine  Cryptic  results  in  L-R  laterality 
defects  including  randomization  of  abdominal  situs,  hyposplenia,  and  pulmonary  right  isomerism,  as  well  as 
randomized  embryo  turning  and  cardiac  looping.  Similarly,  zebrafish  one-eyed  pinhead  ( oep )  mutants  that 
have  been  rescued  partially  by  mRNA  injection  display  heterotaxia,  including  randomization  of  heart  looping 
and  pancreas  location.  In  both  Cryptic  and  oep  mutant  embryos,  L-R  asymmetric  expression  of 
Nodal /cyclops,  Lefty2/antivin,  and  Pitx2  does  not  occur  in  the  lateral  plate  mesoderm,  while  in  Cryptic 
mutants  Leftyl  expression  is  absent  from  the  prospective  floor  plate.  Notably,  L-R  asymmetric  expression  of 
Nodal  at  the  lateral  edges  of  the  node  is  still  observed  in  Cryptic  mutants,  indicating  that  L-R  specification 
has  occurred  in  the  node  but  not  the  lateral  plate.  Combined  with  the  previous  finding  that  oep  is  required  for 
nodal  signaling  in  zebrafish,  we  propose  that  a  signaling  pathway  mediated  by  Nodal  and  EGF-CFC  activities 
is  essential  for  transfer  of  L-R  positional  information  from  the  node. 

[Key  Words:  Left-right  asymmetry;  isomerism;  heterotaxia;  node;  lateral  plate  mesoderm;  Nodal ] 
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Of  the  three  major  body  axes,  the  left-right  (L-R)  axis  is 
the  last  to  be  determined  during  vertebrate  emhryogcn- 
csis.  The  initial  specification  of  the  L-R  axis  is  likely  to 
begin  during  late  stages  of  gastrulation,  but  tissue-spe¬ 
cific  manifestations  of  morphological  L-R  asymmetry 
become  apparent  much  later  in  development,  through¬ 
out  organogenesis  into  the  late  fetal  period  (for  review, 
sec  Ramsdcll  and  Yost  1998;  Bcddington  and  Robertson 
1999).  In  all  vertebrates,  the  first  overt  appearance  of  L-R 
asymmetry  occurs  during  early  somitogcncsis,  with  an 
initial  rightward  bending  of  the  linear  heart  tube  that 
presages  the  direction  of  cardiac  looping.  In  the  mouse, 
another  early  sign  of  laterality  is  the  direction  of  embry¬ 
onic  turning  that  inverts  the  three  primary  germ  layers 
of  the  embryo.  Most  morphological  L-R  asymmetry 
arises  at  later  stages  of  organogenesis,  when  unilateral 
tissues  such  as  the  stomach  arc  positioned  on  one  side, 
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or  when  bilateral  paired  tissues  such  as  the  lung  form 
asymmetrically.  Defects  in  this  process  of  L-R  specifica¬ 
tion  can  lead  to  highly  plciotropic  effects,  including  L-R 
reversals  of  organ  position  (inverted  situs),  mirror  image 
symmetry  of  bilaterally  asymmetric  tissues  (isomerism), 
and/or  random  and  independent  occurrence  of  laterality 
defects  in  different  tissues  (heterotaxia). 

Recent  molecular  genetic  studies  performed  in  chick, 
frog,  zebrafish,  and  mouse  systems  have  shown  that  tis¬ 
sue-specific  laterality  decisions  arc  mediated  by  a  path¬ 
way  of  regulatory  genes  that  acts  during  gastrulation  and 
early  postgastrulation  stages  of  embryogenesis.  These 
studies  have  led  to  a  conceptual  pathway  for  L-R  axis 
determination,  in  which  an  initial  event  that  breaks  L-R 
symmetry  is  believed  to  occur  in  or  around  the  embry¬ 
onic  node  and  its  derivatives.  The  resulting  L-R  posi¬ 
tional  information  is  transferred  outward  to  the  lateral 
plate  mesoderm,  where  it  is  interpreted  to  generate  the 
situs  of  individual  tissues  (for  review,  see  Harvey  1998; 
Ramsdcll  and  Yost  1998;  Bcddington  and  Robertson 
1999;  King  and  Brown  1999).  Notably,  several  members 
of  this  regulatory  pathway  arc  themselves  expressed  in  a 
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L-R  asymmetric  pattern  on  the  left  side  of  the  embryo,  in 
particular  the  left  lateral  plate  mesoderm. 

Several  genes  in  the  L-R  pathway  have  roles  that  ap¬ 
pear  evolutionarily  conserved  among  vertebrates,  includ¬ 
ing  Nodal  (Levin  ct  al.  1995;  Collignon  et  al.  1996;  Lowe 
et  al.  1996;  Lustig  ct  al.  1996;  Lohr  et  al.  1997;  Sampath 
et  al.  1997;  Rcbagliati  et  al.  1998]  and  Lefty2  (Mcno  ct  al. 
1996,1997;  Bisgrovc  ct  al.  1999;  Thisse  and  Thissc  1999], 
which  encode  distant  members  of  the  transforming 
growth  factorp  (TGF-p]  superfamily,  and  are  asymmetri¬ 
cally  expressed  in  the  left  lateral  plate  mesoderm.  An¬ 
other  conserved  asymmetrically  expressed  gene  is  the 
Pitx2  homcobox  gene,  which  has  been  proposed  to  rep¬ 
resent  a  primary  regulator  of  tissue-specific  L-R  lateral¬ 
ity  because  it  is  expressed  on  the  left  side  of  many  tissues 
(Logan  et  al.  1998;  Piedra  et  al.  1998;  Ryan  ct  al.  1998; 
Yoshioka  ct  al.  1998;  Campionc  ct  al.  1999].  In  contrast, 
there  are  several  apparent  differences  between  vertebrate 
systems  that  have  complicated  our  understanding  of  the 
L-R  pathway.  For  example,  many  genes  that  display  tran¬ 
sient  asymmetry  of  expression  in  the  chick  arc  not  asym¬ 
metrically  expressed  in  the  mouse,  including  activin  pB, 
activin  receptor  11A,  and  Sonic  hedgehog  [shh)  (Harvey 
1998;  Ramsdcll  and  Yost  1998;  Bcddington  and  Robert¬ 
son  1999). 

We  show  that  L-R  axis  formation  requires  the  evolu¬ 
tionarily  conserved  activity  of  members  of  the  EGF-CFC 
gene  family.  The  EGF-CFC  family  is  comprised  of  mam¬ 
malian  Cryptic  and  Cripto,  frog  FRL-1,  and  zebrafish 
one-eyed  pinhead  ( oep )  and  encodes  extracellular  pro¬ 
teins  containing  a  divergent  EGF-likc  motif  and  a  novel 
cystcinc-rich  CFC  motif  (Shcn  ct  al.  1997;  Zhang  ct  al. 

1998) .  We  find  that  targeted  disruption  of  mouse  Cryptic 
results  in  L-R  laterality  defects  including  randomization 
of  abdominal  situs,  pulmonary  right  isomerism,  and  vas¬ 
cular  hctcrotaxia,  as  well  as  randomized  embryo  turning 
and  cardiac  looping.  In  parallel  studies,  we  show  that 
partial  rescue  of  oep  mutant  embryos  by  oep  mRNA  in¬ 
jection  results  in  randomization  of  the  direction  of  heart 
looping  and  location  of  the  pancreas,  revealing  that  loss 
of  oep  function  leads  to  hctcrotaxia.  Notably,  in  both 
Cryptic  and  oep  mutant  embryos,  L-R  asymmetric  gene 
expression  docs  not  occur  in  the  lateral  plate  mesoderm. 
Based  on  recent  studies  indicating  that  EGF-CFC  pro¬ 
teins  act  as  essential  cofactors  for  Nodal  (Gritsman  ct  al. 

1999) ,  we  propose  that  a  signaling  pathway  mediated  by 
Nodal  and  EGF-CFC  proteins  is  required  for  activation 
of  L-R  asymmetric  gene  expression  in  the  lateral  plate 
mesoderm. 


Results 

Targeted  disruption  of  Cryptic 

Previous  mutational  analyses  have  revealed  that  oep  and 
Cripto  have  essential  requirements  prior  to  gastrulation 
(Schicr  ct  al.  1997;  Ding  ct  al.  1998;  Gritsman  ct  al. 
1999),  but  it  has  been  unclear  if  the  later  expression  of 
EGF-CFC  genes  reflects  a  role  in  postgastrulation  pro¬ 
cesses.  In  particular,  oep  is  expressed  in  the  lateral  plate 


mesoderm  and  forebrain  during  early  somitogenesis 
(Zhang  et  al.  1998),  and  Cryptic  is  expressed  in  the  lateral 
plate  mesoderm,  node,  notochordal  plate,  and  prospec¬ 
tive  floor  plate  from  head-fold  stages  through  approxi¬ 
mately  the  six  to  eight  somite  stage  (Shcn  et  al.  1997). 
The  expression  of  oep  and  Cryptic  is  symmetric  in  the 
lateral  plate  and  precedes  the  asymmetric  expression  of 
genes  such  as  Nodal /cy clops,  Lefty2 / antivin  and  Pitx2. 

To  determine  the  biological  function  of  Cryptic,  we 
performed  targeted  gene  disruption.  The  Cryptic  target¬ 
ing  construct  should  result  in  a  null  mutation,  because  it 
deleted  most  of  the  third  exon  and  the  entire  fourth  and 
fifth  exons  of  the  gene,  which  encode  two-thirds  of  the 
mature  protein  including  the  central  EGF  and  CFC  mo¬ 
tifs  (Fig.  la-c).  In  addition,  a  second  targeting  construct 
that  deleted  the  entire  Cryptic  coding  region  resulted  in 
the  identical  homozygous  mutant  phenotype  (Y.-T.  Yan, 
S.M.  Price,  and  M.M.  Shcn,  unpubl.).  Homozygosity  for 
the  targeted  Cryptic  mutation  resulted  in  neonatal  le¬ 
thality  in  the  first  2  weeks  after  birth,  apparently  be¬ 
cause  of  cardiac  defects  (see  below);  to  date,  only  five 
homozygotes  (from  >90)  have  survived  past  weaning. 
Our  initial  indication  of  a  phenotypic  defect  in  L-R  lat¬ 
erality  was  that  many  newborn  Cryptic  homozygotes 
displayed  a  milk  spot  (corresponding  to  the  stomach)  on 
their  right  side,  instead  of  the  left  (Fig.  Id). 

L-R  laterality  defects  in  Cryptic  mutant  mice 

To  examine  the  L-R  laterality  defects  of  Cryptic  homo¬ 
zygous  mutant  mice,  we  analyzed  their  gross  anatomy  at 
18.5  days  post  coitum  (dpc)  and  at  neonatal  stages  (P0- 
P7)  (Table  1).  We  found  that  Cryptic  homozygotes  dis¬ 
played  numerous  laterality  defects,  including  hctcro¬ 
taxia,  randomization  of  organ  situs,  and  isomerism  of 
bilaterally  asymmetric  tissues.  Thus,  within  the  ab¬ 
dominal  cavity,  approximately  half  of  the  homozygotes 
(n  =  22/49)  displayed  inverted  situs  of  visceral  organs  in¬ 
cluding  the  stomach,  spleen,  and  pancreas  (Fig.  2a, b).  In 
contrast,  all  homozygous  animals  displayed  asplenia  or 
severe  hyposplcnia  (Fig.  2c-c);  a  significant  proportion  of 
homozygotes  also  displayed  abnormal  lobation  or  mid- 
line  positioning  of  the  liver  (Table  1 ). 

In  the  thoracic  cavity,  we  found  that  all  homozygotes 
showed  right  pulmonary  isomerism  (Fig.  2f,g);  this  phe¬ 
notype  is  correlated  frequently  with  hyposplcnia  in  hu¬ 
man  patients  with  laterality  defects  (Kosaki  and  Casey 
1998).  Moreover,  approximately  half  of  the  homozygotes 
[n  =  24/50)  displayed  dextrocardia  (cardiac  apex  pointing 
to  the  right)  or  mcsocardia  (pointing  to  the  middle),  as 
opposed  to  the  normal  levocardia  (Fig.  2h— j).  Regardless 
of  cardiac  situs,  nearly  all  homozygotes  displayed  cardiac 
abnormalities,  most  notably  transposition  of  the  great 
arteries  (Fig.  2k, 1),  as  well  as  severe  atrial  septal  defects 
(Fig.  2m-o).  Finally,  we  observed  numerous  random  and 
uncorrclatcd  laterality  defects  within  the  vasculature, 
consistent  with  hctcrotaxia  (Table  1).  For  example,  the 
azygos  vein  could  be  located  on  the  left  side  (as  it  is  in 
the  wild  type),  on  the  right,  or  bilaterally  (Fig.  2p-r). 

The  L-R  laterality  defects  observed  in  neonatal  Cryptic 
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Figure  1.  Targeted  disruption  of  Cryptic, 
[a]  Homologous  recombination  with  the 
targeting  vector  results  in  deletion  of  ex¬ 
ons  4  and  5,  as  well  as  most  of  exon  3; 
exons  are  shown  as  boxes,  with  the  coding 
region  in  dark  gray.  (A]  Avrll;  (E)  EcoRl;  (N) 
Nhcl;  (S)  Smal;  (X)  Xbal.  [b]  Southern  blot¬ 
ting  using  the  5’-flanking  probe.  A  detects 
an  18-kb  EcoRI  fragment  from  the  wild- 
type  genomic  locus  and  an  8.5-kb  frag¬ 
ment  from  the  targeted  allele  in  progeny  of 
F,  heterozygous  intercrosses;  dashes  {left) 
indicate  positions  of  markers  at  5  and  10 
kb.  |c)  PCR  analysis  of  visceral  yolk  sac 
DNA  from  7.5-dpc  embryos,  showing  am¬ 
plification  of  an  860-bp  band  correspond¬ 
ing  to  Cryptic  and  a  735-bp  fragment  cor¬ 
responding  to  neo;  markers  at  615  and  861 
bp  arc  indicated  as  above,  (d)  Neonatal 
mice  with  milk  spots  on  the  right  side 
(-/-)  and  left  side  (WT). 


homozygotes  were  paralleled  by  phenotypic  defects  ob¬ 
served  in  early  cmbryogcncsis.  At  8. 5-9. 5  dpc,  Cryptic 
homozygous  embryos  were  indistinguishable  from  their 
wild-type  littermates  except  for  randomization  of  car¬ 
diac  looping  and  embryo  turning  (n  =  21/45],  with  these 
two  phenotypes  highly  correlated  (Fig.  2s-u).  Because 
Cryptic  is  expressed  in  the  notochordal  plate  and  pro¬ 
spective  floor  plate,  and  laterality  defects  arc  frequently 
associated  with  node  and  notochord  defects  (c.g.,  Danos 
and  Yost  1996;  Dufort  ct  al.  1998;  King  ct  al.  1998;  Mcl- 
loy  ct  al.  1998),  we  investigated  potential  axial  midlinc 
defects  by  skeletal  staining  of  homozygous  neonates 
(n  =  6),  histological  sections  at  10.5  dpc  (n  =  3),  and  in 
situ  hybridization  with  Shh,  followed  by  sectioning 
(n  =  3).  No  evidence  for  axial  midlinc  defects  was  ob¬ 
served  (data  not  shown). 


Absence  of  lateral  L-R  asymmetric  gene  expression  in 
Cryptic  mutant  embryos 

To  determine  the  basis  for  L-R  patterning  defects  in 
Cryptic  mutants,  we  performed  in  situ  hybridization  on 
gastrulation  and  early  somite-stage  embryos  (up  to  10 
somites),  using  probes  for  Nodal,  Leftyl,  Lefty2,  and 
Pitx2,  which  arc  asymmetrically  expressed  at  these 
stages.  First,  we  examined  expression  of  Leftyl  and 
Lefty2,  which  arc  asymmetrically  expressed  at  2-10 
somites  in  the  left  prospective  floor  plate  and  left  lateral 
plate  mesoderm,  respectively  (Meno  et  al.  1997, 
1998)(Fig.  3a,b,c,f).  We  found  that  Cryptic  homozygous 
embryos  lacked  all  expression  of  Leftyl  (n  =  12)  and 
Lefty2  ( n  =  9)  at  these  stages  (Fig.  3c,d,g,h);  however,  an 
earlier  phase  of  symmetric  Lefty2  expression  in  newly 
formed  mesoderm  during  primitive  streak  stages  was  un- 


Tablc  1.  Phenotype  of  Cryptic  homozygous  mice 


Phenotype 

Number  of  mutant/total  (%) 

Abdominal  tissues 

Visceral  situs 

22/49  inverted  (45%) 

Spleen 

49/49  asplenic/hyposplenic 
(100%) 

Liver 

11/27  abnormal  (41%) 

Abdominal  vasculature 

Branching  of  inferior  vena  cava 

16/25  abnormal  (64%) 

Position  of  renal  veins 

4/19  left  anterior  (21%) 

Thoracic  tissues 

Cardiac  apex 

18/50  dextrocardia,  6/50 
mesocardia  (48%) 

Cardiac  malformation 

14/16  septal  defects  (88%); 

1 1/1 1  transposition  of 
great  arteries  (100%) 

Atrial  shape 

23/34  right  isomerism,  1/34 
left  (71%) 

Lung  bronchi 

50/50  bilateral  eparterial 
(100%) 

Lung  lobes 

Thoracic  vasculature 

50/50  right  isomerism 
(100%) 

Aorta  relative  to  pulmonary 

44/50  aorta  ventral,  5/50 

artery 

adjacent  (98%) 

Aortic  arching 

12/29  right  (41%) 

Position  of  azygos  vein 

5/30  right,  6/30  bilateral 
(37%) 

Position  of  inferior  vena  cava 

4/33  left,  19/33  bilateral 
(70%) 

Phenotypes  were  scored  in  mice  at  18.5  dpc  ( n  =  6)  and  in  neo¬ 
nates  at  <1  week  of  age  (n  =  44).  Not  all  phenotypes  were  scored 
in  each  mouse.  Unless  indicated  otherwise  in  the  text,  the  oc¬ 
currences  of  these  phenotypes  were  not  noticeably  correlated 
with  each  other. 
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Figure  2.  L-R  laterality  defects  in  Cryptic  null  mutants,  (n-r)  Ventral  views  of  neonatal  mice;  in  all  panels,  left  (L)  and  right  ( R )  are 
as  indicated.  Abdominal  cavity  of  wild  type  (a)  and  mutant  (fc>)  with  inverted  situs  and  hyposplcnia.  Stomach  and  spleen  from  wild  type 
(c),  mutant  with  normal  situs  (d),  and  mutant  with  inverted  abdominal  situs  (e).  Heart  and  lung  lobes  of  wild  type  (/)  and  mutant  (g) 
with  right  pulmonary  isomerism.  Heart  positions  of  wild  type  with  normal  levocardia  [li),  and  mutants  with  mesocardia  (i)  and 
dextrocardia  (/);  note  correlation  with  altered  size  of  the  atrial  chambers.  High-power  view  of  cardiac  arterial  relationships.  In  the  wild 
type  (k),  the  aorta  is  dorsal  to  the  pulmonary  artery  and  connects  to  the  left  ventricle,-  in  the  mutant  |i),  the  aorta  is  ventral  and 
connects  to  the  right  ventricle,  as  shown  following  injection  of  blue  dye  into  the  right  ventricle,  consistent  with  transposition  of  the 
great  arteries.  Sections  through  hearts  of  wild  type  (m),  and  two  mutants  ( n,o )  that  show  an  atrial  septal  defect.  Position  of  the  azygos 
vein  and  direction  of  aortic  arching.  In  the  wild  type  [p],  the  azygos  vein  is  located  on  the  left,  and  the  aorta  arches  leftward;  in  the 
mutant  (tj),  the  azygos  vein  crosses  over  to  the  right  and  the  aorta  arches  rightward;  in  the  mutant  (r),  there  is  a  bilateral  azygos  vein 
while  the  aorta  arches  leftward,  (s)  Lateral  views  of  8.5-dpc  embryos,  showing  altered  direction  of  embryo  turning  in  the  mutant.  (t,u) 
Ventral  views  of  10-somite-stagc  embryos,  with  arrows  indicating  direction  of  cardiac  looping  in  the  wild  type  (i)  and  Cryptic  mutant 
(u).  (al)  accessory  lobe;  (ao)  aorta;  (asd)  atrial  septal  defect;  (az)  azygos  vein;  (cl)  caudal  lobe;  (crl)  cranial  lobe;  (ht)  heart;  (la)  left  atrium; 
(li)  liver;  (11)  left  lung;  (lv)  left  ventricle;  (ml)  medial  lobe;  (pa)  pulmonary  artery;  (ra)  right  atrium;  (rv)  right  ventricle;  (sp)  spleen;  (st) 
stomach;  (tb)  tailbud. 


affected  (data  not  shown).  Next,  we  examined  expression 
of  the  homeobox  gene  Pitx2,  which  is  found  symmetri¬ 
cally  in  Rathkc's  pouch  and  asymmetrically  in  the  left 
lateral  plate  mesoderm  and  left  foregut  endoderm  from 
six  to  eight  somites  continuing  through  9.5  dpc  (Ryan  et 
al.  1998;  Yoshioka  et  al.  1998)  (Fig.  3i,j).  In  Cryptic  mu¬ 
tants  at  8.5  and  9.5  dpc  ( n  =  16),  Pitx2  expression  was 
still  observed  in  Rathkc's  pouch  but  not  in  the  asymmet¬ 
ric  domains  (Fig.  3k, 1). 

Finally,  we  examined  expression  of  Nodal,  which  is 
found  at  the  lateral  boundaries  of  the  node  at  head-fold 


and  early  somite  stages,  with  a  transient  phase  of  L-R 
asymmetry  at  four  to  eight  somites,  and  in  the  left  lateral 
plate  mesoderm  at  approximately  two  to  eight  somites 
(Collignon  et  al.  1996;  Lowe  et  al.  1996)  (Fig.  3m, n).  In 
Cryptic  mutants  (n  =  41),  Nodal  expression  was  observed 
at  the  lateral  boundaries  of  the  node  but  was  never  de¬ 
tected  in  the  lateral  plate  mesoderm  (Fig.  3o,p).  Notably, 
the  markedly  asymmetric  expression  of  Nodal  at  the 
edges  of  the  node  at  four  to  eight  somites  was  still  ob¬ 
served  in  the  Cryptic  mutant  embryos  (n  =  29;  Fig.  3q-s). 
Thus,  our  in  situ  hybridization  results  indicate  that  L-R 
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Figure  3.  Expression  of  L-R  pathway  genes  in  Cryptic  ho¬ 
mozygous  mutant  embryos,  [a-p]  Lateral  and  frontal  views 
of  early  somite  stage  mouse  embryos  following  whole- 
mount  in  situ  hybridization.  Left  (L)  and  right  |R)  arc  as 
shown,  and  the  position  of  the  node  is  indicated  by  an  ar¬ 
rowhead.  Expression  of  Leftyl  is  detected  in  the  prospective 
floor  plate  of  wild  type  [a,b]  but  not  mutant  embryos  (c,d). 
Expression  of  Lefty2  is  detected  in  the  left  lateral  plate  me¬ 
soderm  and  weakly  in  the  prospective  floor  plate  of  wild  type 
[e,f]  but  not  Cryptic  homozygotes  (g ,h).  Pitx2  expression  is 
observed  symmetrically  in  Rathke's  pouch  in  both  wild  type 
(/,;)  and  mutant  [k,l]  embryos,  but  asymmetric  expression  in 
the  left  lateral  plate  mesoderm  is  observed  only  in  the  wild 
type.  Nodal  expression  is  detected  in  the  node  of  both  wild- 
type  (m,n)  and  mutant  |o,p)  embryos;  left  lateral  plate  ex¬ 
pression  is  observed  only  in  the  wild  type.  High-power  cau¬ 
dal  views  of  the  node  in  wild-type  ( q )  and  Cryptic  homozy¬ 
gote  (r)  show  asymmetric  expression  of  Nodal,  (s)  Graphical 
representation  of  Nodal  in  situ  hybridization  results.  The 
numbers  of  wild-type  and  Cryptic  mutant  embryos  analyzed 
with  the  indicated  Nodal  expression  patterns  are  graphed 
according  to  somite  stage.  (1pm)  lateral  plate  mesoderm;  (nd) 
node,-  (pfp)  prospective  floor  plate;  (rp)  Rathke's  pouch. 


laterality  has  been  initiated  within  the  node  but  not  in 
the  lateral  plate  mesoderm. 

Heterotaxia  in  ocp  mutant  fish 

To  determine  if  the  function  of  EGF-CFC  genes  in  L-R 
determination  is  conserved  in  vertebrates,  we  studied 
the  role  of  the  zebrafish  oep  gene.  Previous  studies  have 
shown  that  oep  is  required  for  formation  of  mesoderm, 


endoderm,  prechordal  plate,  and  ventral  ncuroectodcrm, 
correlating  with  the  expression  of  oep  in  the  progenitors 
of  these  cell  types  (Schicr  ct  al.  1997;  Zhang  et  al.  1998; 
Gritsman  et  al.  1999).  During  somitogenesis,  oep  is  also 
expressed  in  the  left  and  right  lateral  plate,  where  pro¬ 
genitors  of  the  heart  and  other  organs  arc  located  in  wild- 
type  embryos  (Scrbedzija  et  al.  1998;  Zhang  et  al.  1998). 
The  potential  role  of  oep  in  these  territories  cannot  be 
analyzed  in  oep  mutants,  because  mutant  embryos  lack 
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Figure  4.  Heart  looping  and  location  of  the  pancreas  in  oep 
mutants.  Ventral  [a,c,e]  and  dorsal  views  [b,d,f]  of  embryos  upon 
immunohistochcmistry  with  MF20  antibody  (Bader  et  al.  1982) 
and  RNA  in  situ  hybridization  with  insulin  probe  (Milewski  et 
al.  1998);  anterior  is  up.  [a,b]  Wild-type  embryo;  {c,d  and  e,f)  two 
examples  of  maternal-zygotic  oep  mutant  embryos  rescued  by 
injection  of  oep  mRNA.  Note  the  normal  development  of  eyes 
and  trunk  muscle  [d,f]  in  rescued  embryos  [maternal-zygotic 
oep  mutants  show  cyclopia  and  absence  of  trunk  muscle  (Grits- 
man  et  al.  1999)].  The  arrow  indicates  heart  looping  from  the 
atrium  (weaker  staining,  posteriorly)  to  the  ventricle  (stronger 
staining,  anteriorly);  note  right  looping  in  a  and  left  looping  in 
c  and  e.  The  arrowhead  indicates  position  of  pancreas  on  right 
( b,d )  or  left  (/)  side.  We  note  that  the  direction  of  cardiac  looping 
in  rescued  mutants  did  not  significantly  affect  their  survival  to 
adulthood  [50/70  (71%)  of  right-looping  embryos,  46/53  (87%) 
of  left-looping  embryos,  and  2/6  (33%)  of  nonlooping  embryos 
survived]. 


cndodcrmal  derivatives  and  heart  (Schicr  ct  al.  1997; 
Gritsman  ct  al.  1999|.  To  circumvent  this  limitation,  wc 
examined  the  phenotype  of  maternal-zygotic  oep 
(MZoep)  embryos  whose  early  defects  were  rescued  by 
oep  mRNA  injection  (Fig.  4).  Injected  mRNA  is  present 
throughout  gastrulation  (data  not  shown)  and  is  suffi¬ 
cient  to  completely  rescue  the  formation  of  endoderm, 
mesoderm,  axial  midlinc,  and  ventral  ncurocctodcrm 
(Fig.  4c— f),  but  is  apparently  insufficient  to  complement 
the  loss  of  oep  activity  at  later  stages.  Using  morphologi¬ 
cal  criteria  and  marker  gene  expression,  wc  found  that 
heart  and  pancreas  form,  but  that  the  direction  of  heart 
looping  and  the  location  of  the  pancreas  arc  randomized 
with  respect  to  the  L-R  axis  of  the  embryo  (Fig.  4c-f; 


Table  2).  More  than  81%  (48/59)  of  oep  mutant  embryos 
that  display  abnormal  heart  asymmetry  during  embryo- 
genesis  survive  to  adulthood,  demonstrating  that  mRNA 
injection  rescues  the  development  and  function  of  all 
essential  organs.  Notably,  there  was  no  correlation  be¬ 
tween  abnormal  heart  asymmetry  and  the  location  of  the 
pancreas,  revealing  that  loss  of  oep  function  leads  to  het- 
crotaxia. 

Absence  of  L-R  asymmetric  gene  expression 
in  oep  mutants 

To  determine  the  onset  of  the  L-R  patterning  defect  in 
oep  mutants,  wc  performed  in  situ  hybridization  on  so¬ 
mite-stage  embryos  using  probes  for  cyclops,  antivin  (a 
member  of  the  lefty  family),  and  pitx2,  which  arc  all 
asymmetrically  expressed  in  the  lateral  plate  mesoderm 
(Rcbagliati  et  al.  1998;  Campione  et  al.  1999;  Thisse  and 
Thissc  1999).  Analogous  to  Cryptic  mouse  mutants,  wc 
never  detected  the  normal  asymmetric  expression  of 
these  markers,  despite  wild-type  expression  in  other  re¬ 
gions  of  the  embryo  (Fig.  5)  .  Importantly,  asymmetric 
expression  is  not  initiated,  revealing  a  role  for  oep  in  the 
induction  of  lateral  plate  asymmetry. 

Discussion 

Our  comparative  mutational  analyses  have  shown  that 
homozygous  Cryptic  null  mutant  mice  and  partially  rcs- 


Table  2.  Direction  of  heart  looping  and  location  of  pancreas 
in  wild-type  and  oep  mutants 


Genotype:  oep/+  (+/+  female  x  -/- 
Injected  mRNA:  lacZ 

Total  no.  embryos:  96 

male) 

Heart  (MF20) 

Pancreas  (insulin) 

L 

M 

R 

R  83(86.5%) 

M  6(6.2%) 

L  7(7.3%) 

2(2.1%) 

0 

4(4.2%) 

0 

4(4.2%) 

0 

81  (84.3%) 
2(2.1%) 
3(3.1%) 

Genotype:  oep/+  (+/+  female  x  -/- 
Injected  mRNA:  oep 

Total  no.  embryos:  108 

male) 

Heart  (MF20) 

Pancreas  (insulin) 

L 

M 

R 

R  90(83.3%) 

M  4(3.7%) 

L  14(13.0%) 

6  (5.5%) 
2  (1.9%) 
9  (8.3%) 

3  (2.8%) 

0 

0 

81  (75.0%) 
2(1.9%) 

5  (4.6%) 

Genotype:  oep/oep  (-/- 
Injected  mRNA:  oep 
Total  no.  embryos:  106 

female  x  - 

/-  male) 

Heart  (MF20) 

Pancreas  (insulin) 

L 

M 

R 

R  48  (45.3%) 

M  7  (6.6%) 

L  51  (48.1%) 

20(18.9% 
2(1.9%) 
26  (24.5% 

1  (0.9%) 

1  (0.9%) 

1  (0.9%) 

27(25.5%) 
4(3.8%) 
24  (22.7%) 
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cucd  oep  mutant  fish  both  display  highly  penetrant  L-R 
hctcrotaxia  defects.  Notably,  in  Cryptic  as  well  as  oep 
mutant  embryos,  Nodal,  Lefty2 / antivin,  and  Pitx2  arc 
not  expressed  in  the  lateral  plate  mesoderm,  indicating 
that  EGF-CFC  activity  is  essential  for  asymmetric  gene 
expression  in  the  lateral  mesoderm.  Taken  together,  our 
findings  with  oep  mutant  fish  arc  analogous  to  those  for 
Cryptic  mutant  mice,  and  establish  an  evolutionarily 
conserved  requirement  for  EGF-CFC  genes  in  the  estab¬ 
lishment  of  L-R  asymmetry  in  vertebrates.  Interestingly, 
this  evolutionary  conservation  of  EGF-CFC  activity  in 
the  L-R  pathway  markedly  contrasts  with  the  apparent 
non-conscrvcd  roles  of  Fgf8  and  Shh  in  the  mouse  and 
chick  (Meyers  and  Martin  1999). 


Essential  function  of  EGF-CFC  genes  in  L-R 
axis  specification 

Our  results  can  be  readily  integrated  with  a  general  path¬ 
way  for  L-R  axis  determination  in  which  initial  L-R  sym¬ 
metry  is  broken  in  or  around  the  node,  and  subsequent 
L-R  positional  information  is  transferred  to  the  lateral 
plate  mesoderm  (Levin  ct  al.  1995;  Logan  et  al.  1998; 
Pagan-Wcstphal  and  Tabin  1998;  Bcddington  and  Robert¬ 
son  1999).  Given  the  requirement  of  oep  activity  for 
nodal  signaling  in  zebrafish  and  the  functional  conser¬ 
vation  of  EGF-CFC  proteins  (Gritsman  ct  al.  1999),  we 
propose  that  Cryptic  and  oep  arc  essential  for  Nodal  sig¬ 
naling  in  L-R  axis  specification.  Our  findings  indicate 
that  EGF-CFC  activity  is  required  prior  to  the  activation 
of  L-R  asymmetric  gene  expression  in  the  periphery  and 
may  be  involved  in  events  downstream  from  an  initial 
process  that  breaks  L-R  symmetry. 

Specifically,  our  results  arc  consistent  with  two  pos¬ 
sible  models  for  EGF-CFC  function  in  L-R  axis  forma¬ 


R 


L 

R 

Figure  5.  Expression  of  L-R  pathway  genes  in  oep  mutant 
embryos.  Dorsal  view  (anterior  to  the  left )  of  22-somite- 
stage  j a-d)  and  24-somite-stage  [e,f  embryos  following 
^  whole-mount  in  situ  hybridization  with  pitx2  |  a,b),  Cy¬ 
clops  j c,d),  or  antivin  [e,f].  Normal  expression  in  the  left 
R  lateral  plate  is  only  detected  in  wild-type  (a,c,  oep/+  em¬ 
bryo  injected  with  oep  mRNA;  e,  oep/+  embryo  injected 
with  lacZ  mRNA)  but  not  in  maternal-zygotic  oep  mu¬ 
tants  whose  early  patterning  defects  were  rescued  by  oep 
mRNA  injection  (b,  n  =  58  embryos  analyzed  between  14- 
and  24-somite  stages;  d,  n  =  67;  /,  n  «=  44).  Note  the  normal 
L  expression  of  pitx2  in  the  spinal  cord  [b). 


tion  (Fig.  6).  In  the  first  model,  Cryptic/oep  would  be 
required  in  the  lateral  plate  mesoderm  to  mediate  the 
response  to  an  asymmetric  'left'-determining  signal  ema¬ 
nating  from  the  node  (Fig.  6a, b).  This  signal  might  cor¬ 
respond  to  Nodal  itself,  as  we  have  shown  previously 
that  EGF-CFC  proteins  arc  required  for  cells  to  respond 
to  Nodal  signals  (Gritsman  et  al.  1999).  In  this  scenario, 
Nodal  signaling  from  the  node  or  its  derivatives  cannot 
be  received  due  to  the  absence  of  EGF-CFC  activity  in 
the  lateral  plate. 

In  the  second  model  for  EGF-CFC  function,  Cryptic/ 
oep  would  be  required  at  an  earlier  stage  in  the  node  or 
its  derivatives  for  the  generation  or  propagation  of  an 
asymmetric  signal,  which  could  cither  correspond  to 
Nodal  itself  or  be  dependent  on  Nodal  signaling  (Fig.  6c). 
Defects  in  axial  midlinc  structures  often  result  in  L-R 
laterality  defects  and  alterations  in  asymmetric  gene  ex¬ 
pression,  as  seen  for  mouse  mutations  in  no  turning, 
HNF-3ji,  Brachyury,  and  SIL  (Dufort  ct  al.  1998;  King  ct 
al.  1998;  Mclloy  ct  al.  1998;  Izracli  ct  al.  1999)  and  for 
zebrafish  mutations  in  no  tail  or  floating  head  (Danos 
and  Yost  1996;  Chen  et  al.  1997).  Although  there  arc  no 
apparent  structural  defects  in  the  node  or  its  derivatives 
in  Cryptic  and  partially  rescued  oep  mutants,  absence  of 
EGF-CFC  activity  might  result  in  a  block  in  Nodal  sig¬ 
naling  in  the  axial  midlinc,  indirectly  leading  to  defects 
in  the  lateral  plate  (Fig.  6c).  Of  course,  these  models  arc 
not  mutually  exclusive,  and  Cryptic/oep  may  act  in  both 
the  node  and  lateral  plate.  In  cither  case,  EGF-CFC  ac¬ 
tivity  would  play  an  essential  role  in  transferring  L-R 
positional  information  from  the  node  to  the  periphery, 
resulting  in  asymmetric  Nodal  and  Lefty2 / antivin  ex¬ 
pression  in  the  lateral  plate  mesoderm,  asymmetric 
Leftyl  expression  in  the  mouse  floor  plate,  and  subse¬ 
quent  asymmetric  Pitx2  expression,  ultimately  leading 
to  specification  of  individual  organ  situs. 
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Figure  6.  Schematic  model  for  EGF-CFC  function  in  L-R  axis  formation,  {a)  In  wild-type  embryos,  a  asymmetric  signal  emanating 
from  the  node  activates  expression  of  Nodal/cyclops  and  Lefty2 / antivin  in  the  left  lateral  plate  mesoderm,  as  well  as  Lefty  1  in  the  left 
prospective  floor  plate,  leading  to  subsequent  activation  of  Pitx2  and  specification  of  organ  situs.  The  node-derived  signal  could 
correspond  to  Nodal  itself  or  to  a  hypothesized  factor  downstream  of  Shh  signaling  that  conveys  L-R  positional  information  in  the 
chick  (Pagan-Westphal  and  Tabin  1998).  (b)  In  this  model,  the  response  to  the  asymmetric  node-derived  signal  is  mediated  by 
Cryptic/oep,  which  is  symmetrically  expressed  in  the  lateral  plate  mesoderm.  In  the  absence  of  EGF-CFC  activity,  the  lateral  plate 
and  prospective  floor  plate  do  not  respond  to  the  node-derived  signal,  and  asymmetric  gene  expression  fails  to  occur,  resulting  in 
subsequent  L-R  laterality  defects,  (c)  Here,  Cryptic/oep  is  required  to  mediate  a  Nodal  activity  that  is  downstream  of  an  initial  L-R 
symmetry-breaking  event  in  or  around  the  node.  As  a  consequence,  L-R  laterality  is  specified  around  the  node  but  fails  to  be  propagated 
to  the  lateral  plate  mesoderm. 


Cryptic  mutants  as  a  model  for  right  isomerism/ 
asplenia  syndrome 

In  humans,  the  proper  L-R  situs  of  the  visceral  tissues  is 
critical  for  their  morphogenesis  and/or  physiological 
function,  particularly  in  the  cardiovascular  system.  In 
particular,  children  born  with  severe  hctcrotaxia  gener¬ 
ally  die  shortly  after  birth,  usually  due  to  severe  cardiac 
defects.  In  many  cases,  laterality  defects  in  humans  that 
result  in  hctcrotaxia  can  be  classified  into  two  primary 
categories:  right  isomerism  associated  with  asplcnia/hy- 
posplcnia  and,  conversely,  left  isomerism  associated 
with  polysplenia  (Goldstein  ct  al.  1998;  Kosaki  and  Ca¬ 
sey  1998).  Our  studies  show  that  Cryptic  mutant  mice 
recapitulate  many  features  of  the  right  isomcrism/asplc- 
nia  syndrome,  suggesting  that  the  Cryptic  mutant  mice 
may  represent  a  model  for  a  major  category  of  human 
L-R  laterality  defects. 


Interaction  of  EGF-CFC  genes  with  the  Nodal 
signaling  pathway 

In  contrast  to  the  phenotype  reported  here  for  oep,  mu¬ 
tations  in  the  zebrafish  nodal  gene  cyclops  do  not  result 
in  a  significant  incidence  of  heart  looping  defects  (Chen 
ct  al.  1997).  These  differing  laterality  phenotypes  of  oep 
versus  cyclops  mutants  may  be  due  to  redundant  func¬ 
tions  of  zebrafish  nocfaf-rclatcd  genes  in  L-R  axis  deter¬ 
mination.  Moreover,  a  direct  requirement  for  mouse 
Nodal  in  L-R  patterning  has  also  been  difficult  to  estab¬ 
lish,  due  to  the  early  embryonic  lethality  of  Nodal  mu¬ 
tants,  which  precludes  analysis  of  later  defects.  None¬ 


theless,  the  L-R  phenotypes  of  Cryptic  and  oep  mutants, 
together  with  the  phenotypes  of  Nodal +/”>  HNF-3H*1' 
and  Nodal*1'-,  Smad2'/  mutants  (Collignon  ct  al.  1996; 
Nomura  and  Li  1998),  strongly  suggest  that  Nodal  sig¬ 
nals  arc  essential  for  L-R  axis  specification. 

Although  the  Nodal  signaling  pathway  has  not  been 
analyzed  at  the  biochemical  level,  loss-  and  gain-of-func- 
tion  studies  in  mouse,  frog,  and  fish  suggest  that  during 
gastrulation  Nodal  signals  may  act  via  activin-likc  recep¬ 
tors  (Hcmmati-Brivanlou  and  Melton  1992;  Armcs  and 
Smith  1997,-  Chang  ct  al.  1997;  New  ct  al.  1997;  Oh  and 
Li  1997;  Gu  ct  al.  1998;  Gritsman  ct  al.  1999;  Mcno  ct  al. 
I999|  and  the  transcription  factor  Smad2  (Baker  and  Har- 
land  1996;  Graff  et  al.  1996;  Nomura  and  Li  1998; 
Waldrip  ct  al.  1998;  Weinstein  ct  al.  1998).  During  germ- 
layer  formation,  Nodal  signaling  has  also  been  shown  to 
be  dependent  on  EGF-CFC  activity  (Gritsman  et  al. 
1999)  and  to  be  antagonized  by  members  of  the  Lefty 
family  (Bisgrovc  ct  al.  1999;  Mcno  ct  al.  1999;  Thisse  and 
Thissc  1999).  Therefore,  it  is  thought  that  during  gastru¬ 
lation,  Nodal  signals  arc  dependent  on  EGF-CFC  pro¬ 
teins  to  activate  activin-likc  receptors  and  Smad2,  lead¬ 
ing  to  the  induction  of  Lefty  genes  and  the  attenuation  of 
Nodal  signaling. 

Comparison  of  the  L-R  phenotypes  of  Cryptic  and  oep 
mutants  with  the  defects  found  in  Lefty  1  and  ActRIIB 
mutant  mice  extends  this  model  to  L-R  axis  determina¬ 
tion,  raising  the  possibility  that  EGF-CFC  proteins  act 
universally  as  essential  cofactors  for  Nodal  signaling. 
First,  mice  lacking  Leftyl  (Mcno  ct  al.  1998)  frequently 
display  left  pulmonary  isomerism  and  bilateral  expres¬ 
sion  of  Nodal,  Lefty2,  and  Pitx2.  In  contrast,  Cryptic 
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mutants  display  right  pulmonary  isomerism  and  lack 
asymmetric  gene  expression  in  the  lateral  plate  meso¬ 
derm.  These  opposing  phenotypes  support  the  notion 
that  Leftyl  acts  by  antagonizing  EGF-CFC  dependent 
Nodal  activity  during  L-R  determination.  Secondly,  the 
phenotype  of  Cryptic  mutants  superficially  resembles 
that  of  ActRHB  mutant  mice,  which  display  right  pul¬ 
monary  isomerism  and  severe  cardiac  defects  (Oh  and  Li 

1997] .  Moreover,  although  Smad2  homozygotes  display 
early  embryonic  lethality  due  to  defective  specification 
of  the  anteroposterior  (AP)  axis  (Nomura  and  Li  1998; 
Waldrip  ct  al.  1998;  Weinstein  ct  al.  1998],  a  significant 
percentage  of  Nodal+l~-,  Smad2'/ '  compound  hctcrozy- 
gotes  display  L-R  laterality  defects  (Nomura  and  Li 

1998) ,  which  arc  similar  to  those  of  Cryptic  mutants. 
The  greater  severity  of  the  laterality  defects  in  Cryptic 
mice  relative  to  those  of  ActRHB  mutants  may  reflect 
the  ability  of  Nodal  in  conjunction  with  EGF-CFC  pro¬ 
teins  to  signal  through  a  type  II  receptor  that  is  partially 
redundant  with  ActRHB,  perhaps  ActRIIA  (also  known 
as  ActRII].  In  summary,  these  findings  indicate  that 
Nodal  signaling  during  L-R  development  is  mediated  by 
EGF-CFC  proteins,  activin  receptors,  and  Smadi. 


Conservation  of  EGF-CFC  function  in  embryonic 
axis  formation 

The  phenotypes  of  Cripto  and  Cryptic  mutations  in  mice 
bear  remarkable  similarity  to  those  of  mutant  zebrafish 
with  different  timing  of  oep  activity.  Specifically,  com¬ 
plete  removal  of  both  maternal  and  zygotic  oep  activity 
(MZoep  mutants)  results  in  loss  of  head  and  trunk  me¬ 
soderm,  endoderm,  and  an  incorrectly  positioned  AP  axis 
(Gritsman  ct  al.  1999),  a  phenotype  similar  to  that  of 
Cripto  mutant  mice  (Ding  ct  al.  1998).  Conversely,  res¬ 
toration  of  early  oep  activity  to  MZ oep  embryos  by  oep 
mRNA  injection  rescues  these  defects,  but  the  insuffi¬ 
cient  persistence  of  injected  mRNA  results  in  a  subse¬ 
quent  L-R  laterality  defect  that  strongly  resembles  the 
phenotype  of  Cryptic  mutants.  Taken  together,  our  re¬ 
sults  indicate  that  a  Nodal  and  EGF-CFC  signaling  path¬ 
way  is  essential  for  both  the  AP  and  L-R  axes  in  verte¬ 
brates,  with  the  dual  role  for  oep  in  both  processes  in  fish 
being  divided  between  the  related  genes  Cripto  and 
Cryptic  in  mice. 


Materials  and  methods 

Gene  targeting 

A  murine  Cryptic  eDNA  was  used  to  screen  a  XFIXII  library 
constructed  from  129Sv/J  genomic  DNA  (Stratagene),  resulting 
in  the  isolation  of  a  21 -kb  genomic  clone  containing  the  entire 
coding  region.  To  construct  a  targeting  vector  for  Cryptic,  a 
3.5-kb  Xbal-Smal  5'  flank  was  subcloncd  into  the  Xbal-Smal 
sites  of  pTKLNL  (Mortensen  1999],  followed  by  subcloning  of  a 
5.0- kb  Smal-Nhel  3'  flank,  such  that  the  PGK-nco  and  PGK-tk 
cassettes  are  in  the  opposite  transcriptional  orientation  to  Cryp¬ 
tic.  Targeting  was  performed  using  TCI  ES  cells  (Deng  et  al. 
1996),  with  targeted  clones  obtained  at  a  frequency  of  5%  (4/88); 


ES  cell  culture  and  blastocyst  injection  were  performed  as  de¬ 
scribed  previously  (Ding  et  al.  1998).  Chimeric  males  obtained 
following  blastocyst  injection  were  bred  with  Black  Swiss  fe¬ 
males  (Taconic),  and  germ-line  transmission  was  obtained  from 
one  targeted  ES  clone;  two  independent  lines  were  also  derived 
using  a  different  targeting  vector  (Y.-T.  Yan,  S.M.  Price,  and 
M.M.  Shen,  unpubl.).  These  targeted  Cryptic  mutations  have 
been  maintained  through  backcrossing  with  outbred  Black 
Swiss  mice;  the  phenotype  appears  similar  in  each  line.  In  ad¬ 
dition,  the  homozygous  phenotype  appears  similar  in  a  hybrid 
129/SvEvTac-C57BL/6J  strain  background. 

Mouse  genotyping  and  phenotypic  analysis 

Genotyping  was  performed  by  Southern  blotting  or  by  PCR  us¬ 
ing  genomic  DNA  prepared  from  tails  or  embryonic  visceral 
yolk  sac.  Primers  for  genotyping  were  as  follows:  for  wild-type 
Cryptic,  5  'GGAGATGGTGCCAGAGAAGTCAGC3  ’  and 
5’AATAGGCAGGGCACACGCAGAAAC3';  for  neo,  5'CT- 
GCCGCGCTGTTCTCCTCTTCCT3 '  and  5'ACACCCAGCC- 
GGCCACAGTCG31.  The  presence  of  cardiac  septal  defects  and 
transposition  of  the  great  arteries  was  scored  by  injection  of 
bromphenol  blue  dye  into  the  right  ventricle  (Oh  and  Li  1997), 
and  ventriculoarterial  alignment  was  confirmed  by  histological 
sectioning.  Cardiac  histology  was  performed  by  hematoxylin- 
eosin  staining  of  paraffin  sections,  with  attention  given  to  L-R 
orientation  of  sections.  Whole-mount  in  situ  hybridization  to 
mouse  embryos  was  performed  as  described  (Ding  et  al.  1998), 
using  probes  for  murine  Leftyl  (Meno  et  al.  1997),  Lefty2  (Mcno 
et  al.  1997),  Nodal  (Lowe  et  al.  1996),  and  Pitx2  (Lanetbt  et  al. 
1999). 

Zebrafish  genetics  and  phenotypic  analysis 

Homozygous  oep,zr'7 / oep,z!i?  adults  were  obtained  by  rescue  of 
homozygous  oep'~'7 /oep,zr’7  embryos  with  oep  mRNA  (Zhang  et 
al.  1998;  Gritsman  et  al.  1999).  To  rescue  the  early  patterning 
defects  of  oep  mutants,  maternal-zygotic  oep,z!i? /oep‘zr'7  em¬ 
bryos  were  injected  with  25-50  pg  of  oep  mRNA  at  the  one-  to 
four-  cell  stage.  Heart  looping  was  scored  in  live  embryos  and  by 
immunohistochemistry  using  the  MF20  antibody  (Bader  et  al. 
1982)  that  recognizes  a  myosin  heavy  chain.  Embryos  were  then 
processed  for  in  situ  hybridization  using  an  insulin  antisense 
RNA  probe  (Milewski  et  al.  1998).  Whole-mount  in  situ  hybrid¬ 
ization  for  Cyclops,  antivin,  and  Pitx2  was  performed  as  de¬ 
scribed  (Zhang  et  al.  1998).  Zebrafish  pitx2  was  cloned  by 
screening  of  a  eDNA  library  (kindly  provided  by  B.  Appel  and  J. 
Eisen,  University  of  Oregon,  Eugene)  with  a  PCR-amplified 
pitx2  homeobox  probe  (R.D.  Burdinc;  A.F.  Schier,  and  W.S.  Tal¬ 
bot,  GenBank  accession  nos.  AF1 56905  and  AF156906). 
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Communication  between  cells  during  early  embryogenesis  establishes  the  basic  organization  of  the  vertebrate  body  plan.  Recent 
work  suggests  that  a  signalling  pathway  centering  on  Nodal,  a  transforming  growth  factor  p-related  signal,  is  responsible  for 
many  of  the  events  that  configure  the  vertebrate  embryo.  The  activity  of  Nodal  signals  is  regulated  extracellularly  by  EGF-CFC 
cofactors  and  antagonists  of  the  Lefty  and  Cerberus  families  of  proteins,  allowing  precise  control  of  mesoderm  and  endoderm 
formation,  the  positioning  of  the  anterior-posterior  axis,  neural  patterning  and  left-right  axis  specification. 


The  vertebrate  body  plan  is  laid  down  during  early  embryogenesis, 
when  the  primary  axes  and  tissue  layers  form.  During  the  20th 
century,  classical  studies  have  shown  that  embryogenesis  proceeds 
through  inductive  interactions  that  are  mediated  by  intercellular 
signalling  factors,  including  members  of  the  Wnt,  fibroblast  growth 
factor  (FGF),  Hedgehog  and  transforming  growth  factor-3  (TGFp) 
families1 .  Here  we  discuss  recent  progress  suggesting  that  the  TGF(3- 
related  factor  Nodal  may  account  for  many  of  the  roles  attributed  to 
TGFp  activities  during  embryogenesis.  Based  on  genetic  evidence, 
we  propose  that  (1)  Nodal  signals  represent  the  in  vivo  inducers  of 
mesoderm;  (2)  Nodal  activity  is  modulated  by  cofactors  of  the  EGF- 
CFC  family  as  well  as  inhibitors  of  the  Lefty  and  Cerberus  families; 
and  (3)  Nodal  signalling  is  mediated  by  Activin-like  receptors  and 
transcription  factors  of  the  Smad  family.  The  regulation  of  Nodal 
signalling  allows  precise  temporal  and  spatial  control  of  mesoderm 
formation  and  is  employed  in  several  other  critical  patterning  events 
in  early  development,  notably  in  the  determination  of  left-right  (L-R) 
asymmetry. 

TGFp-related  activities  induce  mesoderm 

The  classic  work  of  Nicuwkoop  indicated  that  mesodermal  cell 
types  such  as  muscle  and  blood  are  induced  by  signals  from 
neighbouring  cells1.  Subsequent  studies  in  Xenopus  suggested  that 
Activin  and  Vgl,  two  members  of  the  TGFp  family  of  signalling 
molecules,  act  as  inducers  of  mesoderm  in  vivo'.  Activin  was  the  first 


TGFp  molecule  shown  to  have  mesoderm-inducing  activity  using 
in  vitro  explant  assays.  Another  strong  candidate  for  a  mesoderm- 
inducing  factor  has  been  the  TGFp  family  member  Vgl,  on  the  basis 
of  the  localization  of  its  messenger  RNA  to  the  vegetal  hemisphere  of 
the  Xenopus  embryo.  This  region  has  been  implicated  in  inducing 
overlying  cells  to  form  mesoderm  (Fig.  1 ).  Moreover,  processed  and 
active  Vgl  protein  generated  from  bone  morphogenetic  protein 
(BMP)-Vgl  chimaeras  can  induce  mesoderm  in  Xenopus.  The 
identification  of  Vgl  and  Activin  suggested  a  relatively  simple 
scenario  in  which  maternally  provided  TGFP  signals  activate  Ser / 
Thr  kinase  receptors  and  thus  regulate  mesoderm-specific  genes. 
However,  it  has  been  difficult  to  show  unequivocally  that  Activin  or 
Vgl  are  required  for  the  formation  of  vertebrate  mesoderm1.  For 
example,  mouse  mutants  for  both  Activin  [SA  and  Activin  {SB  form 
mesoderm  and  undergo  normal  gastrulation2.  Furthermore,  blocking 
of  Activin  activity  with  the  inhibitor  Follistatin  or  with  dominant¬ 
negative  versions  of  Activin  does  not  consistently  block  mesoderm 
formation  in  Xenopus5'6.  Although  truncated  activin  receptors  can 
inhibit  mesoderm  formation7'*,  these  reagents  are  not  fully  specific 
for  Activin  as  they  can  block  BMP9,  Vgl5  or  Nodal10  signalling  as 
well.  In  addition,  processed  Vgl  has  not  been  detected  in  vivo  and 
Vgl  mutant  derivatives  thought  to  block  endogenous  Vgl  activity 
cause  only  variable  disruption  of  dorsal  mesoderm  formation11. 
Similar  experiments  with  the  frog  gene  Derriere,  which  encodes  a 
Vgl-related  TGFp  molecule,  have  indicated  that  it  might  be 
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Figure  1  Schematic  representation  of  Nodal  signalling  activities  in  frog,  fish  and  mouse 
embryos  before  gastrulation.  Expression  patterns  of  Afocfaf-related  genes  (red  hatching) 
are  superimposed  on  simplified  fate  maps  of  embryos  at  the  indicated  stages.  Mesoderm 
and  endoderm  are  internalized  through  the  primitive  streak  in  mouse  and  the  germ-ring  in 


Mouse 

fish.  Classical  embryological  studies  have  shown  that  the  vegetal  region  in  frog 
(presumptive  endoderm)  and  fish  (yolk  syncytial  layer;  YSL)  are  sources  of  mesoderm- 
inducing  factors.  Atafe/-related  genes  are  expressed  in  these  regions.  AVE,  anterior 
visceral  endoderm;  d.p.c.,  days  postcoitum. 
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involved  in  specifying  posterior  regions,  but  is  not  required  for 
general  mesoderm  induction6.  It  thus  remains  to  be  established 
whether  members  of  the  Activin  or  Vgl  families  represent  primary 
inducers  of  mesoderm  in  vivo. 

Nodal  is  required  for  mesoderm  formation 

Genetic  studies  in  mouse  and  zebrafish  have  shown  that  TGF(3 
signals  of  the  Nodal  family  are  essential  for  mesoderm  formation  in 
vertebrates.  Nodal  was  shown  to  be  required  for  mesoderm  forma¬ 
tion  by  the  isolation  and  cloning  of  a  retroviral  insertion  mutation 
in  the  mouse  Nodal  gene12,13,  and  the  subsequent  identification  of  a 
family  of  vertebrate  Nodal- related  TGFJ3  genes14-20.  Mouse  Nodal 
mutants  lack  a  primitive  streak  (a  thickening  caused  by  ingression  of 
mesoderm  and  endoderm  progenitors)  and  most  mesoderm,  dis¬ 
playing  only  sporadic  formation  of  some  posterior  mesoderm13 
(Table  1).  Similarly,  double  mutants  for  the  zebrafish  Nodal- related 
genes  cyclops  and  squint  lack  head  and  trunk  mesoderm  and  fail  to 
form  the  germ-ring,  a  structure  analogous  to  the  mouse  primitive 
streak21  (Table  1).  Nodal  genes  are  expressed  in  the  vicinity  of  or 
overlapping  with  mesoderm  progenitors  (Fig.  1),  including  dorsal 
mesoderm  precursors  (also  called  the  ‘node’  in  mouse;  hence  the 
name  Nodal).  Moreover,  mouse  Nodal,  zebrafish  Cyclops  and 
Squint  and  the  frog  homologues  Xnrl,  Xnr2  and  Xnr4  can  induce 
mesoderm  formation  in  explant  assays,  similar  to  Activin  and 
processed  Vgl  (refs  15,  17,  19,  20,  22).  Although  additional  signals 
(such  as  FGF  and  Derriere)  may  also  be  involved  in  (posterior) 
mesoderm  induction,  these  genetic  data  establish  that  Nodal  signals 
are  central  in  the  formation  of  vertebrate  mesoderm. 

Previous  models  have  proposed  that  a  maternal  TGFp  signal  is 
involved  in  Xenopus  mesoderm  induction1,23;  however,  Nodal  genes 
are  expressed  zygotically  during  blastula  stages  (Fig.  1).  This 
apparent  contradiction  appears  to  have  been  resolved  by  the 
recent  identification  of  Xenopus  VegT  as  a  vegetally  localized 
maternal  T-box  transcription  factor.  Depletion  of  VegT  mRNA 
leads  to  a  marked  reduction  in  mesoderm  and  endoderm  in 
Xenopus 24~’,  and  misexpression  of  VegT  can  induce  Nodal  gene 
expression26,27.  These  results  do  not  exclude  a  role  for  a  maternally 
provided  TGFp  signal,  but  they  suggest  a  revised  model  for 
mesoderm  formation23,25  wherein  a  localized  transcription  factor(s) 
activates  Nodal  gene  expression,  which  in  turn  leads  to  the  induc¬ 
tion  of  mesoderm.  Determining  whether  a  similar  mechanism 


controls  mesoderm  formation  in  fish  and  mouse  will  require  the 
isolation  of  factors  that  activate  expression  of  Nodal  in  these  species. 

Extracellular  regulation  of  Nodal  signalling 

Recent  studies  have  revealed  an  unexpectedly  complex  regulation  of 
the  Nodal  signalling  pathway,  as  shown  by  the  identification  of  EGF- 
CFC  proteins  as  Nodal  cofactors  and  Lefty  and  Cerberus  proteins  as 
Nodal  antagonists.  It  is  now  apparent  that  cells  can  become 
competent  to  respond  to  Nodal  by  expressing  EGF-CFC  proteins, 
and  can  attenuate  Nodal  activity  by  expressing  inhibitors  of  the 
Lefty  and  Cerberus  families  (Fig.  2). 

EGF-CFC  factors.  Members  of  the  EGF-CFC  family  such  as  zebra¬ 
fish  one-eyed  pinhead  ( oep )  and  mouse  Cripto  and  Cryptic  encode 
extracellular  proteins  that  share  an  amino-terminal  signal  sequence, 
a  divergent  epidermal  growth  factor  (EGF)-like  motif,  a  second 
conserved  cysteine-rich  domain  (the  CFC  motif)  and  a  carboxy- 
terminal  hydrophobic  region28,29.  Although  they  were  initially 
implicated  in  a  receptor  tyrosine  kinase/ras  pathway30,  genetic 
studies  in  zebrafish  have  shown  that  these  extracellular  proteins 
are  essential  for  Nodal  signalling31.  Thus,  embryos  that  lack  both 
maternal  and  zygotic  activity  of  oep  display  the  same  phenotype  as 
double  mutants  for  the  Nodal  factors  cyclops  and  squint"  (Table  1). 
Strikingly,  whereas  overexpression  of  Nodal  in  wild-type  embryos 
induces  ectopic  mesoderm,  overexpressed  Nodal  in  maternal- 
zygotic  oep  mutants  has  no  phenotypic  effect31.  Indeed,  similar  to 
Nodal  mutants,  Cripto  mutant  mice  do  not  form  a  primitive  streak 
and  embryonic  mesoderm32  (Table  1).  The  cell-autonomous 
role31,33,34  and  membrane  association29  of  Oep  indicate  that  EGF- 
CFC  proteins  might  represent  components  of  Nodal  receptor 
complexes  or  otherwise  facilitate  the  response  to  Nodal  signals.  In 
particular.  Nodal  signals  might  act  upon  cells  only  in  the  presence  of 
EGF-CFC  proteins.  In  turn,  cells  might  be  protected  from  respond¬ 
ing  to  Nodal  signals  by  lack  of  expression  of  EGF-CFC  genes, 
thereby  creating  an  additional  level  of  regulation  of  these  potent 
inducers. 

Lefty.  Members  of  the  Lefty  subfamily  of  TGFP  molecules  appear  to 
act  as  antagonists  of  Nodal  signalling.  Lefty  proteins  are  predicted  to 
be  structurally  distinct  from  other  TGFp  molecules,  lacking  a  long 
a-helix  and  a  critical  cysteine  residue  involved  in  stabilizing  TGFp 
homodimers  and  heterodimers35"37.  It  is  thus  possible  that  Lefty 
proteins  act  as  monomers.  Initially,  Lefty  proteins  were  thought  to 


Table  1  Selected  genes  In  the  Nodal  pathway  and  their  mutant  phenotypes  in  mouse  and  zebrafish 


Genes  and  genotypes 

Species 

Role  and  phenotypes 

References 

Nodal 

TGFp-related  factors;  instructive  signals 

Nodal 

Mouse 

Lack  of  primitive  streak  and  most  mesoderm;  anterior  neural  truncations  in  chimaeras 

12, 13 

cyclops 

Fish 

Mild  defects  in  prechordal  mesoderm,  lack  of  floor  plate,  cyclopia 

17,18,  20,  59 

squint 

Fish 

Variable  defects  in  axial  mesoderm  formation 

17,19,21,60 

cyclops;  squint 

Fish 

Lack  of  head  and  trunk  mesoderm  and  endoderm.  mispositioned  anterior-posterior  (A-P)  axis 

21 

EGF-CFC 

Extracellular  cofactors  for  Nodal 

Cripto 

Mouse 

Lack  of  primitive  streak,  embryonic  mesoderm  and  endoderm,  mispositioned  A-P  axis 

32 

Cryptic 

Mouse 

Defective  L-R  axis  formation  (right  isomerism  and  heterotaxia) 

28,53 

zygotic  oep 

Fish 

Lack  of  endoderm,  prechordal  mesoderm  and  floor  plate,  cyclopia 

29,  33,  34,  57 

maternal -zygotic  oep 

Fish 

Lack  of  head  and  trunk  mesoderm  and  endoderm.  mispositioned  A-P  axis 

31 

partially  rescued  oep 

Fish 

Defective  L-R  axis  formation  (heterotaxia) 

53 

Lefty 

TGFp-related  factors;  inhibitors  of  Nodal  signalling 

Lefty  1 

Mouse 

Defective  L-R  axis  formation  (left  isomerism) 

35,  36,  54 

Lefty2 

Mouse 

Enlarged  primitive  streak,  excess  of  mesoderm  progenitors 

10,  35,  36 

Lefty  overexpression 

Fish 

Lack  of  head  and  trunk  mesoderm  and  endoderm,  mispositioned  A-P  axis 

10,  37,38 

Activin  receptors 

Putative  cell-surface  receptors  for  Nodal 

ActRIIA 

Mouse 

No  early  embryonic  phenotype 

61 

ActRIIB 

Mouse 

Defective  L-R  axis  formation  (right  isomerism) 

51, 55 

ActRIIA-'-;  ActFUIB'1- 

Mouse 

Variable  defects  in  primitive  streak  formation,  cyclopia,  anterior  neural  truncations 

51 

ActRIIA-'-;  ActRIIB''- 

Mouse 

Lack  of  primitive  streak,  mesoderm  and  endoderm 

51 

ActRIB 

Mouse 

Lack  of  primitive  streak,  mesoderm  and  endoderm 

50 

Smad 

Signal-transducing  transcription  factors 

Smad2 

Mouse 

Lack  of  primitive  streak,  embryonic  mesoderm  and  endoderm 

47-49 

Smad2''~;  Nodal*'~ 

Mouse 

Variable  defects  in  anterior  midline,  cyclopia,  anterior  neural  truncations,  L-R  patterning 

49 

Smad4 

Mouse 

Lack  of  primitive  streak,  embryonic  mesoderm  and  endoderm;  anterior  neural  truncations  in  chimaeras 

62,63 
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be  instructive  signals  or  inhibitors  of  BMP  signalling36;  however, 
recent  studies  in  mouse  and  zebrafish  indicate  that  these  factors  act 
as  antagonists  of  Nodal,  potentially  by  competing  for  binding  to  a 
common  receptor  (see  below).  In  particular,  the  overexpression  of 
mouse  or  zebrafish  Lefty  genes  produces  phenotypes  in  fish  that  are 
identical  to  those  seen  in  cyclopstsquint  and  maternal-zygotic  oep 
mutants10,37,38  (Table  1).  The  phenotypic  effects  induced  by  Lefty  can 
be  countered  by  overexpression  of  cyclops  or  squint ,  suggesting  an 
antagonistic  relationship  between  Nodal  signals  and  Lefty 
proteins10,38.  Similarly,  Lefty2  mutant  mice  have  an  enlarged  primi¬ 
tive  streak  with  more  mesoderm  progenitors  (Table  1);  this  pheno¬ 
type  can  be  partially  suppressed  by  decreasing  Nodal  activity, 
indicating  that  excess  mesoderm  formation  may  result  from  pro¬ 
longed  or  hyperactivated  Nodal  signalling"1.  Interestingly,  Lefty2 
expression  temporally  and  spatially  follows  Nodal  expression  in 
mice,  and  studies  in  zebrafish  indicate  that  Nodal  signalling  leads  to 
the  induction  and  maintenance  of  Lefty  expression10,38.  Recent 
results  indicate  that  a  similar  pathway  may  also  operate  in 
Xenopu s35.  The  negative  feedback  loop  mediated  by  Lefty  proteins 
effectively  attenuates  Nodal  activity  and  renders  it  transient,  allow¬ 
ing  cells  to  respond  to  other  signals  after  initial  exposure  to  Nodal. 
This  mechanism  also  blocks  the  positive  autoregulation  of  Nodal 
expression10,  possibly  restricting  the  spatial  range  of  Nodal  activity. 
Cerberus.  Overexpression  studies  in  frogs  have  identified  Cerberus 
as  another  molecule  that  can  block  Nodal  signals40"42.  Cerberus 
encodes  an  extracellular  protein  that  belongs  to  a  subclass  of  the 
cysteine-knot  superfamily,  which  also  includes  DAN  and  Gremlin41. 
Biochemical  analysis  and  structural  modelling  have  revealed  that 
Cerberus-like  proteins  act  as  trifunctional  growth-factor  antago¬ 
nists,  which  bind  and  block  not  only  Nodal  but  also  Wnt  and  BMP 
ligands41"43.  However,  a  truncated  form  of  Cerberus  (Cer-short) 
specifically  blocks  Nodal  signals  and,  upon  overexpression  in 
Xenoptis,  induces  phenotypes  resembling  cyclops;squint  or  maternal- 
zygotic  oep  mutants42.  Although  Cerberus  expression  does  not 


|| 


Type  I 
activin-like 
receptor 


Type  II 
activin-like 
receptor 


t 


Figure  2  The  putative  Nodal  signalling  pathway.  Loss-  and  gain-of-function  studies 
indicate  that  Nodal  signals  may  act  with  EGF-CFC  cofactors  to  activate  an  Activin-like 
pathway.  Lefty  proteins  act  as  feedback  inhibitors  during  both  mesoderm  formation  and 
L-R  axis  determination.  Cerberus-related  factors  can  bind  directly  to  Nodal  signals,  but 
their  role  during  development  and  their  relationship  with  Nodal  signalling  is  not  clear.  For 
instance,  recent  studies  have  identified  a  chick  Cerberus-related  gene,  Caronte,  which  is 
expressed  in  the  left  paraxial  and  lateral-plate  mesoderm43' 01 C5.  Although  Caronte  binds  to 
Nodal  protein,  it  unexpectedly  activates  Nodal  gene  expression  in  the  lateral  plate  by 
inhibiting  BMP  activity.  Furthermore,  ectopic  Nodal  activity  is  unable  to  induce  Caronte  (at 
least  in  the  trunk,  though  it  is  reported  to  do  so  in  the  head65).  Thus,  in  contrast  to  the 
proposed  role  of  Xenopus  Cerberus  as  an  inhibitor  of  Nodal  signalling  during  gastrulation, 
chick  Caronte  may  not  represent  a  downstream  target  or  feedback  inhibitor  of  Nodal 
signalling  in  L-R  axis  development. 


completely  conform  to  Nodal  signalling  activity,  it  can  be  induced 
by  Nodal  signals  in  a  subset  of  cells,  thus  potentially  serving  as  a 
region-specific  feedback  inhibitor  of  Nodal  signalling42.  Nonethe¬ 
less,  an  in  vivo  requirement  for  Cerberus-like  proteins  has  not  yet 
been  established44. 

Transduction  of  Nodal  signals 

Although  the  Nodal  signalling  pathway  has  not  yet  been  analysed 
biochemically,  loss-  and  gain-of-function  studies  in  mouse,  frog 
and  fish  indicate  that  Nodal  may  utilize  similar  receptors  and 
downstream  effectors  to  those  that  have  been  identified  for  Activin 
(Fig.  2).  Extensive  studies  have  shown  that  Activin  binds  to  the  type 
II  Ser/Thr  kinase  receptors  ActRII  (also  known  as  ActRILA)  and 
ActRIIB,  activating  the  type  I  receptor  ActRIB,  resulting  in  phos¬ 
phorylation  of  Smad2.  In  turn,  Smad2  forms  a  nuclear  complex 
with  Smad4  and  members  of  the  FAST  family  of  forkhead  domain 
transcription  factors  to  regulate  the  expression  of  downstream 
target  genes1,45,46. 

Several  observations  indicate  that  Nodal  signals  activate  the  same 
pathway  as  Activin  or  a  highly  related  one.  First,  Nodal  and  Activin 
have  similar  activities  as  mesoderm  inducers  in  explant  assays  and 
upon  overexpression  in  whole  embryos15,17,19,20.  Second,  misexpres- 
sion  of  activated  versions  of  Activin  receptors,  Smad2  or  FAST-1 
produce  effects  similar  to  those  of  overexpression  of  Nodal  signals 
and  Activin1,46.  Third,  maternal-zygotic  oep  mutants,  which  are 
defective  in  Nodal  signalling,  can  be  rescued  by  expression  of 
activated  forms  of  ActRIB  and  Smad2  (ref.  31).  Strikingly,  injection 
of  activin  mRNA  can  mimic  this  effect,  indicating  that  forced 
activation  of  the  Activin  signalling  pathway  in  oep  mutants  might 
recapitulate  Nodal  signalling  in  vivo,  and  that  the  combined  activity 
of  Nodal  and  EGF-CFCs  may  correspond  to  the  activity  of  Activin 
alone31.  Fourth,  the  extracellular  domain  of  ActRIIB7  blocks  the 
effects  of  overexpression  of  Squint,  as  well  as  the  antagonistic  effects 
of  Lefty10.  These  results  indicate  that  Nodal  and  Lefty  may  compete 
for  interaction  with  a  type  II  Activin  receptor.  Consistent  with  this 
model.  Lefty  also  blocks  Activin  signalling37.  Finally,  mouse  Smad2 
and  ActRIB  mutants  as  well  as  ActRIIA;ActRIIB  double  mutants 
display  gastrulation-defective  phenotypes  resembling  those  of 
mouse  Nodal  mutants47"51  (Table  1).  As  these  mutant  phenotypes 
arc  not  identical,  it  is  conceivable  that  Activin  receptors  and  Smad2 
also  mediate  additional  signals  during  early  embryogenesis,  and  that 
some  aspects  of  Nodal  signalling  are  mediated  by  additional  down¬ 
stream  components.  Taken  together,  however,  the  current  genetic 
data  are  consistent  with  a  pathway  in  which  Nodal,  in  conjunction 
with  EGF-CFC  proteins,  activates  Activin  receptors  or  Activin-like 
receptors  and  Smad2  or  related  Smad  proteins,  resulting  in  the 
transcription  of  downstream  genes  as  well  as  Lefty,  Cerberus  and 
other  potential  feedback  inhibitors,  leading  to  the  attenuation  of 
Nodal  signalling  (Fig.  2). 

Nodal  signalling  in  left-right  axis  formation 

The  Nodal  signalling  pathway  described  above  has  been  implicated 
in  several  other  processes  (Box  1),  notably  the  specification  of  the 
L-R  axis  (Table  1;  Fig.  2).  In  particular,  members  of  the  Nodal  gene 
family  in  each  vertebrate  species  (mouse  Nodal,  chick  cNR-1 ;  frog 
Xnrl-,  zebrafish  cyclops)  are  specifically  expressed  in  the  left,  but  not 
right,  lateral  plate  during  somitogenesis;  asymmetric  expression  is 
also  observed  around  the  node  in  chick  and  mouse52.  The  presence 
of  Nodal  signals  in  the  lateral  plate  mesoderm  has  thus  been 
proposed  to  determine  ‘left-sidedness’,  and  absence  of  Nodal  to 
determine  ‘right-sidedness’.  In  support  of  this  model,  ectopic 
expression  of  Nodal  on  the  right  side  can  perturb  the  asymmetry 
of  internal  organs52. 

A  requirement  for  Nodal  signals  in  L-R  asymmetry  has  been 
difficult  to  demonstrate,  however,  owing  to  the  early  embryonic 
lethality  of  Nodal  mutants.  Recent  evidence  for  a  direct  role  of  Nodal 
signalling  in  L-R  axis  specification  has  been  provided  by  analysis  of 
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the  role  of  EGF-CFC  genes  in  L-R  axis  formation  in  mouse  and 
zebrafish.  Mouse  Cryptic  and  zebrafish  oep  are  expressed  in  the 
lateral  plate  mesoderm,  overlapping  with  Nodal,  but  are  located 
symmetrically  on  both  the  left  and  right  sides2825.  Mouse  Cryptic 
mutants  display  numerous  L-R  laterality  defects  including  right¬ 
sided  mirror-image  symmetry'  of  the  lungs  (right  pulmonary  iso- 


Box  1 _ 

Additional  roles  for  the  Nodal  pathway 


In  addition  to  mesoderm  formation  and  L-R  axis  specification,  the  Nodal 
signalling  pathway  has  been  implicated  in  several  other  processes  in  early 
vertebrate  embryogenesis. 

Endoderm  formation.  Mouse  Cripto  mutants  lack  definitive 
endoderm,  similar  to  cyciops; squint  double  mutants  and  maternal- 
zygotic  mutants  for  oep21'31'32.  The  lack  of  a  primitive  streak  in  mouse 
Nodal  mutants  also  suggests  endoderm  defects.  In  addition,  recent  work 
in  fish  and  frog  has  implicated  Nodal  signalling  as  an  early  component  in 
the  pathway  for  endoderm  formation26'27,66. 

Anterior-posterior  patterning.  Differential  Nodal  signalling  might 
be  involved  in  anterior-posterior  (A-P)  patterning  in  both  mesoderm  and 
ectoderm.  Modulation  of  Nodal  signalling  activity  in  zebrafish  indicates 
that  specification  of  anterior  axial  mesoderm  fates  requires  higher  Nodal 
signalling  than  posterior  fates57.  Increasing  doses  of  zebrafish  Leftyl 
(Antivin)  progressively  delete  posterior  neural  fates,  whereas  overex¬ 
pression  of  Nodal-related  factors  leads  to  posterior  transformations67.  It  is 
unclear  whether  high  levels  of  Leftyl  specifically  block  Nodal  or  Activin 
signalling,  but  these  results  have  led  to  the  suggestion  that  Nodal-related 
signals  and  Activin  specify  fates  along  the  A-P  neural  axis.  Together, 
these  results  indicate  that  differential  Nodal  signalling  in  zebrafish  may 
establish  positional  information  along  the  animal-vegetal  axis  at  blastula 
stages,  which  is  then  translated  during  gastrulation  into  distinct  anterior- 
posterior  mesodermal  and  ectodermal  fates57,67.  In  addition,  a  role  for  the 
Nodal  signalling  pathway  in  anterior  neural  induction  has  been  suggested 
in  mouse  by  analysis  of  Nodal  chimaeras,  Smad4  chimaeras  and 
ActRIIA~'~;ActRIIB compound  mutants,  and  in  Xenopus  by  phenotypes 
induced  upon  overexpression  of  dominant-negative  Xnr2 
derivatives51,62,68,69.  This  analysis  indicates  that  blocking  Nodal  signalling 
results  in  anterior  truncations.  However,  this  evidence  for  a  role  of  Nodal 
in  anterior  neural  induction  is  confounded  by  the  observation  that  anterior 
neural  tissue  is  present  in  Cripto  mutant  mice  as  well  as  maternal-zygotic 
oep  and  cyclops;squint  mutant  fish21 ,31,32,  and  by  the  proposed  role  of  the 
Nodal  inhibitor  Cerberus  in  head  induction40,42.  A  partial  resolution  of 
these  issues  might  be  that  Nodal  signalling  is  essential  at  an  earlier 
step  for  visceral  endoderm  differentiation  in  the  mouse,  leading  to 
upregulation  of  Cerberus  and  consequent  head  formation42. 
Anterior-posterior  axis  positioning.  Recent  work  in  the  mouse 
has  suggested  that  the  position  of  the  A-P  axis  is  established  through  a 
process  of  axial  rotation  involving  morphogenetic  movements  of  cells  in 
the  visceral  endoderm  and  epiblast  layers70.  An  unexpected  role  for 
Nodal  signalling  in  this  process  has  been  suggested  by  the  finding  that 
Cripto  mutants  display  an  A-P  axis  that  is  displaced  by  nearly  90° 
compared  to  that  of  wild-type  embryos,  consistent  with  failure  of  axis 
rotation32.  Similar  phenotypes  have  been  observed  in  maternat-zygotic 
oep  and  cyclops;squint  mutants,  as  well  as  in  zebrafish  embryos 
following  overexpression  of  Lefty21,31,37.  These  findings  are  consistent 
with  the  idea  that  an  early  Nodal  signalling  event  is  required  to  position  the 
A-P  axis  in  vertebrates. 

Ventral  midtine  formation.  A  role  for  Nodal  signalling  in  formation  of 
the  ventral  midline  of  the  neural  tube  (including  the  floor  plate)  has  been 
suggested  by  the  phenotypes  of  Cyclops  and  oep  mutant  fish18,20,33,34,59. 
The  cell-autonomy  of  oep  in  floor-plate  progenitors  suggests  that  Nodal 
is  directly  involved  in  the  specification  of  floor-plate  cells  during 
gastrulation31,34,  in  a  step  that  does  not  depend  on  sonic  hedgehog 71 .  A 
role  for  Nodal  in  ventral  forebrain  formation  is  also  supported  by  the 
cyclopia  defects  that  are  variably  observed  in  Nodar'~;Smad2 and 
Nodatt/~;ActRIIA~,~  as  well  as  ActRIIA^.ActRIIB +/~  compound 
mutants49,51. 


merism),  as  well  as  loss  of  asymmetric  gene  expression  in  the  lateral 
plate  mesoderm53  (Table  1).  Moreover,  zebrafish  oep  mutants  that 
have  been  partially  rescued  by  injection  of  oep  mRNA  show  similar 
randomized  laterality  phenotypes  and  gene-expression  patterns53 
(Table  1).  These  results  are  consistent  with  the  idea  that  loss  of 
Nodal  signalling  leads  to  ‘right-sidedness’  on  both  sides  of  the 
embryo. 

Other  genes  implicated  in  the  Nodal  pathway  are  also  required  for 
L-R  patterning.  Mice  lacking  Leftyl  often  display  left-sided  mirror- 
image  symmetry  of  the  lungs  (left  pulmonary  isomerism)  and 
bilateral  expression  of  genes  that  are  normally  expressed  on  the 
left54.  This  phenotype  is  the  opposite  of  that  of  Cryptic  mutants, 
supporting  the  notion  that  Leftyl  antagonizes  EGF-CFC-dependent 
Nodal  activity  during  L-R  determination.  ActRIlB  mutants  and 
NodaF'~;Smad2+l~  compound  heterozygotes  display  L-R  laterality 
defects  that  resemble  those  of  Cryptic  mutants45,5’.  In  summary, 
these  findings  indicate  that  during  both  mesoderm  and  L-R 
development,  Nodal  signalling  is  regulated  by  EGF-CFC  and  Lefty 
proteins  and  is  mediated  by  ActRIlB  and  Smad2. 

Future  directions 

We  have  discussed  how  a  combination  of  instructive  signals 
(Nodal),  permissive  cofactors  (EGF-CFC)  and  feedback  inhibitors 
(Lefty,  Cerberus)  regulates  various  aspects  of  vertebrate  embryo- 
genesis.  The  Nodal  signalling  pathway  proposed  above  is  based  on 
genetic,  not  biochemical,  evidence.  First,  therefore,  it  will  be  crucial 
to  determine  the  molecular  mechanisms  by  which  Nodal  signalling 
is  regulated  by  EGF-CFC  and  Lefty  factors  and  results  in  the 
activation  of  an  Activin-like  pathway.  Second,  in  vitro  studies  on 
Activin  have  suggested  that  this  TGF(3  signal  can  act  as  a  graded 
long-range  morphogen  that  determines  distinct  cell  types  at  differ¬ 
ent  concentrations  and  distances56.  Nodal  signals  can  elicit  concen¬ 
tration-dependent  responses15,57  but,  in  contrast  to  Activin,  Nodal 
might  act  at  a  short  range58.  It  is  thus  unclear  whether  Nodal  signals 
pattern  the  embryo  by  acting  as  graded  morphogens.  Third,  it 
remains  a  mystery  how  Nodal  signalling  controls  development  in 
different  contexts.  How  is  the  identical  pathway  interpreted  in 
distinct  developmental  processes,  ranging  from  mesoderm  induc¬ 
tion  to  L-R  patterning?  Finally,  overexpression  of  Cripto  has  been 
implicated  in  human  carcinogenesis,  particularly  in  the  mammary 
gland30.  This  raises  the  possibility  that  Nodal  or  related  TGF(3 
factors  may  be  involved  in  human  disease.  More  generally,  the 
regulation  of  inductive  signals  by  extracellular  cofactors  may  be  a 
general  strategy  employed  during  development  and  homeostasis. 
Extracellular  cofactors  such  as  EGF-CFC  proteins  may  thus  repre¬ 
sent  promising  therapeutic  targets  for  modulating  the  activity  of 
signalling  pathways.  □ 
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EGF-CFC  genes  encode  extracellular  proteins  that  play  key  roles  in  intercellular  signaling  pathways  during 
vertebrate  embryogenesis.  Mutations  in  zebrafish  and  mouse  EGF-CFC  genes  lead  to  defects  in  germ-layer 
formation,  anterior-posterior  axis  orientation  and  left-right  axis  specification.  In  addition,  members  of  the 
EGF-CFC  family  have  been  implicated  in  carcinogenesis.  Although  formerly  regarded  as  signaling  molecules 
that  are  distant  relatives  of  epidermal  growth  factor  (EGF),  recent  findings  indicate  that  EGF-CFC  proteins  act  as 
essential  cofactors  for  Nodal,  a  member  of  the  transforming  growth  factor  (i  (TGF-p)  family.  Here,  we  review 
molecular  genetic  evidence  from  mouse  and  zebrafish  on  biological  and  biochemical  roles  of  the  EGF-CFC 
family,  and  discuss  differing  models  for  EGF-CFC  protein  function. 


The  EGF-CFC  gene  family  is  currently  defined  by  four 
members:  mammalian  Cripto  and  Cryptic,  frog  FRL-1 
and  zebrafish  one-eyed  pinhead  ( oep ).  The  first  EGF-CFC 
gene,  human  Cripto,  was  sercndipitously  isolated  in  1989 
as  a  fusion  transcript  in  a  cDNA  library  screen1. 
Thereafter,  mouse  Cripto  was  isolated  by  homology2.  For 
many  years,  these  genes  were  regarded  as  being  distantly 
related  to  EGF-likc  growth  factors,  such  as  TGF-a  and 
amphircgulin’.  Subsequently,  functional  similarity  of 
EGF-CFC  proteins  to  fibroblast  growth  factors  (FGFs) 
was  suggested  by  the  identification  of  the  Cr/pfo-rclatcd 
factor  FRL-1  as  a  potential  activator  of  the  FGF  receptor 
in  Xenopus 4.  The  recognition  that  Cripto  and  FRL-1  arc 
members  of  a  distinct  gene  family  resulted  from  studies  of 
mesoderm  formation  during  mouse  gastrulation,  which 
led  to  isolation  of  a  novel  EGF-CFC  gene  named  Cryptic 5. 
Shortly  thereafter,  positional  cloning  efforts  identified  the 
gene  for  zebrafish  one-eyed  pinhead  (oep)6,  which  had 
originally  been  identified  in  genetic  screens7-10. 

All  EGF-CFC  genes  encode  extracellular  proteins  that 
share  an  N-tcrminal  signal  sequence,  a  variant  EGF-likc 
motif,  a  novel  conserved  cystcinc-rich  domain  named  the 
CFC  (Cripto,  FRL-1,  and  Cryptic)  motif,  and  a  C-terminal 
hydrophobic  region5,6  (Fig.  1).  The  EGF-likc  motifs  possess 
a  characteristic  set  of  six  cysteines  and  other  conserved  fea¬ 
tures  of  EGF  motifs,  so  that  they  are  believed  to  adopt  an 
EGF-likc  fold".  However,  these  variant  EGF-likc  motifs 
also  have  features  unique  to  the  EGF-CFC  family.  For 
instance,  the  first  two  cysteines  arc  adjacent,  eliminating  the 
‘A-loop’,  and  the  spacing  between  the  third  and  fourth  cys¬ 
teines  is  reduced.  In  addition,  the  positions  of  intron-exon 
boundaries  in  EGF-CFC  genes  appear  to  be  well-conserved, 
with  the  EGF  and  CFC  motifs  occupying  separate  exons, 


which  suggests  that  these  form  distinct  protein 
domains6,12,11  (Y-T.  Yan  and  M.M.  Shen,  unpublished). 

The  sequence  conservation  in  the  EGF-CFC  family  is 
relatively  low,  with  most  of  the  sequence  similarity  occur¬ 
ring  in  the  central  EGF  and  CFC  motifs.  Overall  sequence 
identity  is  approximately  30%  between  members  in  differ¬ 
ent  species,  and  remarkably  low  at  48%  between  the  mouse 
and  human  Cryptic  proteins  (Fig.  1).  Furthermore,  there  is 
no  clear  ortholog  relationship  between  members  of  the  fam¬ 
ily  in  different  species  -  thus,  the  sequence  of  Oep  appears 
equidistant  from  that  of  Cripto  and  Cryptic.  Notably,  no 
members  of  the  EGF-CFC  family  have  been  identified  in 
invertebrates  thus  far.  The  low  overall  sequence  conser¬ 
vation  might  suggest  that  different  EGF-CFC  proteins  have 
distinct  activities,  as  observed  for  other  gene  families. 
Interestingly,  however,  all  EGF-CFC  family  members 
appear  to  have  functionally  similar  activities  in  assays  for 
phenotypic  rescue  of  oep  mutants  by  mRNA  microinjcc- 
tion"  (J.  Zhang,  W.S.  Talbot  and  A.F.  Schicr,  unpublished). 

Genetic  analysis  of  EGF-CFC  gene  function 

The  essential  roles  of  EGF-CFC  genes  have  been  estab¬ 
lished  by  genetic  studies  in  mouse  and  zebrafish.  In  the 
mouse  embryo,  the  functions  of  these  genes  in  axis  for¬ 
mation  arc  divided,  such  that  Cripto  is  required  for  germ- 
layer  formation  and  the  correct  positioning  of  the  ante¬ 
rior-posterior  (A-P)  axis,  whereas  Cryptic  is  necessary  for 
determination  of  the  left-right  (L-R)  axis12,13,15,16.  In 
zebrafish,  oep  is  required  for  all  of  these  processes11,14. 

Cripto 

The  A-P  axis  in  the  mouse  is  thought  to  be  established  by  two 
distinct  signaling  centers.  These  inducing  regions  correspond 
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FIGURE  1.  The  EGF-CFC  family 
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(a)  Sequence  alignment  of  family  members,  generated  using  the  clustal  algorithm  of  the  mecaucn  program  (dnastar).  Amino  acid  residues  conserved  among  all  family 
members  are  shaded  in  orange,  while  residues  conserved  among  a  majority  are  shaded  in  blue.  The  positions  of  the  variant  EGF-motif  and  the  novel  CFC  motif  are 
indicated,  and  the  hydrophobic  residues  at  the  C  terminus  are  shown  in  red.  Locations  of  the  predicted  sites  for  N-terminal  signal-sequence  cleavage  are  indicated  by 
vertical  purple  bars;  the  brown  bar  indicates  the  location  of  the  stop  codon  generated  by  the  oep”,Ji  mutation6.  The  sequence  of  the  47-mer  peptide  of  human  Cripto 
used  in  cell  culture  assays  is  shown  in  italics”,  (b)  Schematic  illustration  of  domain  structure,  with  the  leader  peptides  shown  in  green,  C-terminal  hydrophobic  region 
in  blue,  and  a  short  poorly  conserved  region  in  pink,  (c)  Phylogenetic  relationships  of  family  members,  with  scale  indicating  the  number  of  amino  acid  substitution 
events  between  sequences. 


to  the  anterior  visceral  endoderm  and  the  distal  primitive 
streak  and  arc  required  for  formation  of  the  head  and  trunk, 
respectively.  These  signaling  centers  have  been  proposed  by 
Bcddington  and  colleagues  to  be  localized  through  coordinate 
cell  movements  that  rotate  a  pre-existing  proximal-distal 
axis17.  The  expression  of  Cripto  during  prc-gastrulation  and 
gastrulation  stages  is  highly  dynamic,  and  is  associated  with 
early  signs  of  overt  A-P  asymmetry  (Fig.  2a,  b).  Prior  to  gas¬ 
trulation,  Cripto  expression  is  initially  symmetric  and  uni¬ 
form  in  the  epiblast,  and  then  becomes  asymmetrically 
expressed  in  a  proximal-distal  gradient,  later  shifting 
caudally  to  the  region  of  the  nascent  primitive  streak12. 
Targeted  disruption  of  Cripto  results  in  early  post-gastru- 
lation  lethality,  with  homozygous  mutants  lacking  a  primitive 
streak,  node  and  embryonic  mesoderm  (Fig.  2c,  d)12-16. 
Despite  the  lack  of  embryonic  mesoderm,  homozygous 
mutants  arc  mostly  comprised  of  anterior  ncuroectodcrm, 
as  determined  by  expression  of  markers  of  forebrain  and 
midbrain,  but  lack  more  posterior  neural  tissues12. 


In  particular,  markers  of  the  presumptive  head  organizer 
(such  as  Hex  and  Cerberus-like)  are  located  in  the  distal 
visceral  endoderm,  while  markers  of  the  prospective 
primitive  streak  (Brachyury,  FGF-8)  are  localized  in  the 
proximal  epiblast  (Fig.  2e,  f).  These  results  provide  support 
for  a  model  of  mouse  A-P  patterning  in  which  the  re¬ 
positioning  of  a  pre-existing  proximo-distal  axis  generates  an 
orthogonal  A-P  axis17. 

Cryptic 

Recent  work  has  elucidated  a  L-R  pathway  starting  with 
an  initial  symmetry-breaking  event  in  or  around  the  node, 
followed  by  propagation  to  the  left  lateral  plate  meso¬ 
derm,  where  Nodal,  Lefty2  and  Pitx2  are  expressed 
and  regulate  subsequent  asymmetric  morphogenesis18. 
Notably,  expression  of  Cryptic  is  L-R  symmetrical  in  the 
lateral  plate  mesoderm,  node,  notochordal  plate  and 
prospective  floor  plate  from  head-fold  stages  through 
approximately  the  6-8  somite  stage,  and  overlaps  the 
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FIGURE  2.  Expression  patterns  and  mutant  phenotypes  for  mouse  Cripto  and  Cryptic 
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(a,  b)  Expression  of  Cripto  in  a  proximal-distal  gradient  prior  to  gastrulation  (6.0  days  postcoitum,  dpc),  which  shifts  to  a  posterior-anterior  gradient  at  the  time  of  primitive-streak  formation 
(6.5  dpc).  (c)  Cripto  mutants  at  6.75  dpc  lack  a  primitive  streak  and  display  thickened  visceral  endoderm  at  the  distal  tip  (arrows),  (d)  Cripto  mutants  at  7.5  dpc  lack  embryonic  mesoderm 
and  display  ectodermal  overproliferation  (arrow)  that  corresponds  to  anterior  neural  tissue,  (e,  f)  Marker  analysis  at  6.75  dpc  shows  proximal  localization  of  caudal  (streak)  markers  such  as 
Brachyury,  and  distal  localization  of  anterior  visceral  endoderm  markers  such  as  Hex.  (g.  h)  Expression  of  Cryptic  at  head-fold  (7.75  dpc)  and  early-somite  stages  (8.0  dpc)  in  the  lateral  plate 
mesoderm,  node,  and  notochordal  plate,  (i)  Cryptic  mutants  display  randomized  abdominal  situs  and  hyposplenia.  (j,  k)  Dissected  lungs  of  wild-type  littermate  and  Cryptic  homozygote, 
showing  right  pulmonary  isomerism.  (I,  m)  Expression  of  Nodal  in  the  left  lateral  plate  mesoderm  is  abolished  in  Cryptic  mutant  embryos  at  early  somite  stages.  Abbreviations:  A,  anterior;  al, 
accessory  lobe;  cl,  caudal  lobe;  crl,  cranial  lobe;  D,  distal;  hf,  head-fold;  li,  liver;  II,  left  lung;  Ipm,  lateral  plate  mesoderm,  ml,  medial  lobe;  nd,  node;  np,  notochordal  plate;  P,  posterior;  Pr, 
proximal;  ps,  primitive  streak;  sp,  spleen;  st.  stomach. 


asymmetric  expression  of  genes  in  the  L-R  pathway 
(Fig.  2g,  h)s.  Cryptic  mutant  mice  have  defects  in  nearly  all 
L-R  asymmetric  morphogenesis,  displaying  randomized 
abdominal  situs,  pulmonary  right  isomerism,  and  vascular 
hctcrotaxia,  as  well  as  randomized  embryo  turning  and 
cardiac  looping  (Fig.  2i-k),MS.  In  Cryptic  mutant 
embryos,  L-R  asymmetric  expression  of  Nodal,  Lefty2 
and  Pitx2  does  not  occur  in  the  lateral  plate  mesoderm, 
while  Leftyl  expression  is  absent  from  the  prospective 
floor  plate  (e.g.  Fig.  21,  m).  Notably,  the  L-R  asymmetric 
expression  of  Nodal  at  the  lateral  edges  of  the  node  is  still 
observed  in  Cryptic  mutants,  suggesting  that  L-R  specifi¬ 
cation  has  occurred  in  the  node  but  not  the  lateral  plate 
mesoderm11,15. 

Because  Cripto  and  Cryptic  have  similar  activities  in 
zebrafish  rescue  assays14  (J.  Zhang,  W.S.  Talbot  and  A.F. 
Schicr,  unpublished),  it  is  likely  that  the  differences  in  bio¬ 
logical  function  between  Cripto  and  Cryptic  arc  primarily 
due  to  their  distinct  expression  patterns.  In  particular, 
there  is  relatively  little  overlap  between  the  expression  pat¬ 
terns  of  these  genes  except  for  the  anterior  primitive  streak 
and  axial  mesendoderm  (head  process)  at  6.75-7.25  days 
post  coition  (dpc)5-12.  Neither  gene  is  broadly  expressed  in 
cmbryogencsis  following  the  early  somite  stages.  A  poten¬ 
tial  later  role  for  Cripto  in  cardiac  development  has  been 
suggested  by  its  expression  in  the  developing  outflow 
tract2,  and  the  lack  of  myocardial  differentiation  in  embry- 
oid  bodies  derived  from  Crzpfo-deficicnt  embryonic  stem 
cells19.  The  evaluation  of  such  a  role  will  require 
approaches  such  as  tissue-specific  gene  targeting. 

One-eyed  pinhead 

Following  ubiquitous  maternal  and  zygotic  expression, 
highest  levels  of  oep  mRNA  arc  found  in  the  gastrula  mar¬ 
gin6.  During  later  stages,  oep  is  present  in  the  forebrain, 
lateral  plate  and  notochord  (Fig.  3a,  b,  f,  g).  Four  types  of 


oep  mutants  have  been  generated9'10'11'14'20  (Fig  3c,  d,  h,  i). 
These  embryos  lack:  (i)  maternal  (Moep);  (ii)  zygotic 
(Z oep);  (iii)  maternal  and  zygotic  (MZoep);  or  (iv)  late 
zygotic  oep  activity  (LZoep).  Whereas  maternal  mutants 
develop  normally14,  zygotic  mutant  embryos  display 
cyclopia  and  lack  prechordal  mesoderm,  endoderm  and 
ventral  neurocctoderm9-10-".  Loss  of  both  maternal  and 
zygotic  oep  activity  results  in  severe  defects  in  germ-layer 
formation  and  axis  positioning14.  These  mutants  lack  head 
and  trunk  mesoderm,  as  well  as  endoderm,  and  display  a 
vegetal  shift  of  the  A-P  axis  of  the  embryo  with  respect  to 
the  cxtracmbryonic  yolk.  These  results  reveal  that  mater¬ 
nal  oep  activity  is  not  required,  but  masks  the  early  role  of 
zygotic  oep  activity  in  germ-layer  formation.  A  later  role 
of  oep  is  revealed  by  analysing  oep  mutant  embryos  whose 
gastrulation  defects  have  been  rescued  by  mRNA  injec¬ 
tion11.  In  these  embryos,  which  are  otherwise  pheno- 
typically  normal,  the  direction  of  heart  looping  and  the 
location  of  the  pancreas  arc  randomized  with  respect  to 
the  L-R  axis,  revealing  that  loss  of  late  oep  function  leads 
to  hctcrotaxia  (Fig.  3e,  j).  Furthermore,  asymmetric 
expression  of  genes  on  the  left  side  is  not  established  in 
these  mutants,  revealing  a  role  for  oep  in  the  establishment 
of  L-R  laterality. 

The  oep  mutant  phenotypes  described  above  bear 
remarkable  similarity  to  the  phenotypes  of  Cripto  and 
Cryptic  mutants  in  mice.  The  loss  of  mesoderm  and  endo¬ 
derm  in  maternal-zygotic  oep  mutants  (MZoep)  is  similar 
to  that  of  Cripto  mutant  mice14.  Moreover,  the  A-P  axis  of 
these  MZoep  mutants  is  displaced  relative  to  the  ani¬ 
mal-vegetal  axis,  which  supports  the  idea  that  oep  and 
Cripto  arc  both  required  for  A-P  axis  orientation12'14. 
Conversely,  the  later  role  of  oep  in  L-R  development 
strongly  resembles  the  requirement  for  Cryptic  in  the 
mouse'1.  Taken  together,  these  results  indicate  that  EGF- 
CFC  activity  is  essential  for  germ-layer  formation,  and 


TIG  July  2000,  volume  16,  No.  7  I 


FIGURE  3.  Expression  patterns  and  mutant  phenotypes  for  zebrafish  one-eyed  pinhead 
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(a)  Ubiquitous  localization  of  maternal  oep  mRNA  at  1-cell  stage;  lateral  view,  (b)  oep  expression  in  mesendodermal  precursors  in  the  marginal  region  (arrowheads)  at 
shield  stage;  lateral  view,  dorsal  to  the  right,  (f)  oep  expression  in  presumptive  forebrain  (arrow)  and  underlying  prechordal  mesoderm  at  bud  stage;  animal-dorsal 
view,  anterior  up.  (g)  oep  expression  in  lateral  plate  (arrow)  and  notochord  (arrowhead)  at  8-somite  stage;  dorsal  view,  anterior  up.  (c)  Wild  type,  (d)  Maternal  oep 
mutant,  (h)  Zygotic  oep  mutant,  (i)  Maternal-zygotic  oep  mutant  embryos  at  30  hours  postfertilization.  Arrowheads  point  to  cyclopic  eye  (h)  and  posterior  border  of  head 
(i).  (e,  j)  Heart  looping  in  wild-type  and  late  zygotic  oep  mutants;  ventral  view,  anterior  up.  (e)  Wild-type  embryo  with  heart  looping  to  the  right  (arrow),  (j)  Maternal- 
zygotic  oep  mutant  embryos  whose  early  defects  were  rescued  by  injection  of  oep  mRNA  display  randomization  of  laterality.  In  the  example  shown,  the  heart  loops  to 
the  left  (arrow). 


both  A-P  and  L-R  axis  specification,  with  the  roles  for 
oep  in  these  processes  in  fish  being  divided  between  the 
related  genes  Cripto  and  Cryptic  in  mice. 

Cellular  localization  and  cell-autonomous 
activity  of  EGF-CFC  proteins 

Members  of  the  EGF-CFC  family  encode  extracellular 
proteins  that  arc  localized  to  the  surface  of  transfected 
cells5'*'21.  This  association  is  mediated  by  the  C-tcrminal 
hydrophobic  domain,  which  in  the  case  of  Cripto  is 
required  for  glycosyl-phosphatidylinositol  (GPI)  linkage  to 
the  cell  membrane*-21.  Association  with  the  cell  surface 
appears  to  be  important  for  EGF-CFC  protein  activity  at 
physiological  concentrations,  as  indicated  by  the  finding 
that  the  oep  mutant  allele  oep'"'u  contains  a  stop  codon 
that  results  in  truncation  of  16  amino  acids  at  the  C-tcrmi- 
nus*.  Injection  of  mRNA  corresponding  to  oep’"n4  can  res¬ 
cue  the  phenotype  of  oep  mutants  when  injected  in  doses 
that  arc  tenfold  higher  than  that  sufficient  for  wild  type 
oep  mRNA*.  Moreover,  injection  of  oep"‘,u  mRNA  into 
the  extracmbryonic  yolk  syncytial  layer  can  rescue  the 
defects  of  MZ oep  mutant  embryos,  while  full-length  oep 
mRNA  does  not14.  These  results  indicate  that  the  C-tcrmi¬ 
nal  hydrophobic  region  of  EGF-CFC  proteins  confers 
association  with  the  cell  membrane,  most  probably 
through  GPI  linkage,  whereas  mutant  proteins  lacking  the 
C-tcrminus  are  diffusible  and  yet  still  possess  activity. 

Additional  evidence  for  a  local  role  of  Oep  protein 
comes  from  chimera  analysis  experiments.  In  such  experi¬ 
ments,  mutant  cells  arc  transplanted  into  wild-type  hosts 
and  vice  versa,  and  examined  for  their  ability  to  form  cell 
types  that  arc  missing  in  mutants.  These  studies  have 
shown  that  oep  is  required  ccll-autonomously  in  the  pro¬ 
genitors  for  prechordal  mesoderm,  endoderm  and  floor 
plate9'10'14.  Combined  with  the  cellular-localization  experi¬ 
ments,  these  results  favor  a  local,  cell-autonomous  activity 
of  Oep  at  the  surface  of  expressing  cells. 


Potential  role  for  EGF-CFC  proteins  as  signaling 
factors 

Although  recent  results  suggest  that  EGF-CFC  proteins  act 
as  cofactors  for  the  TGF-p  signal  Nodal14'22-25  (sec  below), 
a  substantial  body  of  work  has  previously  indicated  that 
Cripto  protein  can  possess  intrinsic  signaling  activity, 
behaving  as  a  conventional  growth  factor-like  molecule  in 
cell  culture  assays  (reviewed  in  Ref.  24).  Activities  of  the 
human  Cripto  gene  in  tumor  cell  growth  have  been  exten¬ 
sively  studied,  starting  with  the  observation  that  transfec¬ 
tion  of  human  Cripto  confers  anchorage-independent 
growth  to  transfected  NOG-8  mouse  mammary  epithelial 
cells25.  Ovcrcxprcssion  of  Cripto  has  been  found  in 
approximately  80%  of  primary  human  breast  carcinomas, 
but  not  in  non-transformed  mammary  tissue2*.  These  and 
other  studies  have  documented  Cripto  ovcrcxprcssion  in 
human  breast,  colorectal,  gastric,  and  pancreatic  carci¬ 
nomas  (reviewed  in  Ref.  24).  In  addition,  mitogenic  activity 
on  human  breast  carcinoma  cell  lines  has  been  shown  for 
human  Cripto  protein  secreted  by  transfected  CHO  cells, 
and  for  a  refolded  47-mcr  peptide  that  contains  the  human 
Cripto  EGF-like  motif  (but  not  the  CFC  motif)27.  Taken 
together,  these  lines  of  evidence  have  suggested  that 
Cripto  is  involved  in  the  autocrine  or  paracrine  stimu¬ 
lation  of  tumor  cell  growth. 

Consistent  with  a  signaling  function  of  human  Cripto 
in  cell  culture,  mouse  Cripto  might  function  non- 
autonomously  during  development.  Chimeric  embryos 
consisting  of  Cripto  mutant  and  wild-type  cells  display  no 
phenotypic  effects  in  mid-gestation  embryos  and  in 
neonates,  which  suggests  a  non-cell  autonomous  activity 
of  Cripto'*'.  However,  these  experiments  lacked  a  marker 
such  as  p-galactosidasc  to  distinguish  wild-type  from 
mutant  cells  at  cellular  resolution. 

Although  Cripto  was  originally  considered  to  represent 
an  EGF-relatcd  signaling  factor,  Cripto  protein  is  unable 
to  bind  to  any  of  the  four  known  members  of  the  ErbB 
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receptor  family  (EGF  receptor,  c -erbB-2/neu/HER-2, 
c-erbB-3,  and  c -erbB-4).  In  particular,  the  high-affinity 
binding  of  125I-labclcd  refolded  Cripto  peptide  to  HC-11 
cells  is  not  competed  by  erbB  receptor  ligands  such  as 
EGF,  TGF-a,  amphiregulin  or  hcregulin  pi,  and  docs  not 
stimulate  receptor  tyrosine  phosphorylation  in  Ba/F3  cells 
stably  transfected  with  single  erbB  receptor  genes  or  with 
pair-wise  combinations28.  These  results  arc  consistent  with 
the  observation  that  the  variant  EGF-likc  motif  of  EGF- 
CFG  proteins  lacks  residues  essential  for  high-affinity 
binding  to  ErbB  receptors,  including  the  residues  of  the 
missing  ‘A  loop’  between  the  first  two  cysteines1  U9. 

Despite  their  inability  to  bind  to  ErbB  receptors,  full- 
length  Cripto  and  the  47-mer  Cripto  peptide  can  both 
bind  with  high  affinity  to  a  range  of  mammary  epithelial 
cell  lines,  including  murine  HC-11  cells,  and  they  can 
block  HC-11  differentiation  in  response  to  lactogenic  hor¬ 
mones28.  Cripto  binding  results  in  tyrosine  phosphoryl¬ 
ation  of  the  SH2-adaptor  protein  She,  increased  association 
of  She  with  Grb2,  and  elevated  p42/44  mitogen-activated 
protein  kinase  (MAPK)  phosphorylation,  indicating  acti¬ 
vation  of  components  of  the  Ras  signaling  pathway28. 
Interestingly,  an  intact  CFC  motif  does  not  appear  to  be 
required  for  activity  in  this  assay,  although  it  is  required 
for  rescue  of  oep  mutants  (J.  Zhang,  S.  Cheng,  W.S. 
Talbot  and  A.F.  Schicr,  unpublished).  More-recent  studies 
have  shown  that  Cripto  binding  to  HC-11  cells  results  in  a 
rapid  tyrosine  phosphorylation  of  the  ErbB4  receptor, 
which  appears  to  be  required  for  downstream  MAPK  acti¬ 
vation’0.  However,  the  functional  consequences  of  Cripto 
addition  appear  to  result  from  activation  of  the  phos- 
phatidylinositol  3'-kinasc  (PI3K)  pathway,  which  leads  to 
downstream  activation  of  the  Akt  protein  kinase  and  inhi¬ 
bition  of  apoptosis,  leading  to  the  proposal  that  Cripto 
acts  as  a  survival  factor’1.  Finally,  crosslinking  studies 
have  demonstrated  Cripto  binding  to  as  yet  unidentified 
60  kDa  and  130  kDa  membrane  proteins,  which  have 
been  proposed  to  represent  components  of  a  receptor 
complex  for  Cripto’0. 

Further  complicating  these  issues,  FRL-1  was  isolated 
on  the  basis  of  its  ability  to  induce  FGF  receptor 
autophosphorylation  in  a  heterologous  yeast  expression 
system4.  FRL-1  appears  to  possess  mesoderm  and  neural- 
inducing  activities  in  Xenopus  animal  cap  assays.  In 
addition,  similar  to  secreted  forms  of  FGF,  FRL-1  over- 
expression  induces  caudalization  of  embryos,  which  can 
be  blocked  by  expression  of  a  truncated  FGF  receptor 
that  acts  in  a  dominant-negative  manner4.  Surprisingly, 
however,  the  activities  of  FRL-1  can  also  be  blocked  by  a 
mutant  FGF  receptor  that  has  no  effect  in  vivo  or  on 
FGF-mcdiatcd  signaling,  indicating  that  FRL-1  docs  not 
act  through  upregulation  of  the  endogenous  FGF  signal¬ 
ing  pathway4.  Although  it  has  been  proposed  that  FRL-1 
represents  a  novel  ligand  for  FGF  receptors,  there  is  no 
evidence  that  FRL-1  protein  can  bind  directly  to  FGF 
receptors4. 

Interactions  of  EGF-CFC  genes  with  the  Nodal 
signaling  pathway 

Recently,  strong  genetic  evidence  has  been  provided  for  a 
relationship  between  EGF-CFC  activity  and  Nodal  signal¬ 
ing14.  Nodal  and  its  relatives  encode  members  of  the  TGF- 
P  superfamily  and  arc  essential  for  mesoderm  develop¬ 
ment  in  mouse,  zebrafish  and  frog2’’2”’5.  EGF-GFC 
proteins  appear  to  act  as  essential  co-factors  for  Nodal 


FIGURE  4.  Model  for  EGF-CFC  function  in  the  Nodal 
signaling  pathway 


Ras 


PI3K 


Downstream  targets 


trends  in  Genetics 


The  activity  of  EGF-CFC  proteins  as  essential  co-factors  for  Nodal  results  in 
signaling  through  the  Activin  receptors  ActRIIA/ActRIIB  and  ActRIB,  leading  to 
activation  of  Smad2  and  subsequent  effects  on  downstream  target  genes 
mediated  by  interaction  with  the  transcription  factor  FASTI.  In  zebrafish,  an 
activated  form  of  the  type  I  receptor  TARAM-A  can  also  rescue  aspects  of  the 
zygotic  oep  mutant  phenotype50.  FASTI  also  activates  autoregulatory  loops  that 
upregulate  Nodal  itself  as  well  as  the  competitive  inhibitor  Lefty22,  another 
member  of  the  TGF-fJ  family,  whereas  the  tri-functional  Nodal,  BMP  and  Wnt 
inhibitor,  Cerberus,  appears  to  be  largely  independent  of  this  autoregulation 
(reviewed  in  Ref.  23).  The  phosphorylation  of  ErbB4  and  consequent  activation  of 
Ras  and  PI3K  in  response  to  Cripto  could  be  owing  to  cross-talk  at  the  level  of 
Activin  receptors  orSmad2  (dashed  arrows). 


signaling,  based  in  part  on  the  similarity  of  phenotypes 
between  MZ oep  mutants  and  zebrafish  Nodal  mutants, 
and  on  the  requirement  of  oep  activity  for  Nodal  signal¬ 
ing14.  Thus,  the  phenotype  of  MZ  oep  mutant  fish  is  virtu¬ 
ally  identical  to  that  of  double  mutants  for  cyclops  ( znr-1 ) 
and  squint  (z«r-2)14-’4,  which  encode  Nodal- related 
genes’4"16"’7.  In  addition,  the  gain-of-function  phenotypes 
induced  by  cyclops  or  squint  overexpression  arc  blocked 
by  oep  mutations14.  Hence,  oep  is  absolutely  required  for 
Nodal  signaling  during  germ-layer  formation.  As  all  of  the 
currently  identified  EGF-CFC  genes  can  rescue  MZoep 
mutants  upon  mRNA  injection,  it  is  likely  that  Cripto, 
Cryptic  and  FRL-1  can  also  act  as  Nodal  cofactors14 
(J.  Zhang,  W.S.  Talbot  and  A.F.  Schier,  unpublished). 

It  has  been  proposed  that  the  combined  activity  of  Oep 
and  Nodal  is  equivalent  to  the  activity  of  Activin,  another 
member  of  the  TGF-(3  family14.  Specifically,  mRNA  injec¬ 
tion  of  constitutivcly  activated  forms  of  the  Activin  recep¬ 
tor  ActRIB  or  the  transcription  factor  Smad2  is  able  to  res¬ 
cue  the  MZ  oep  phenotype14.  Furthermore,  injection  of 
mRNA  encoding  Activin  also  rescues  MZoep  mutants, 
suggesting  that  Activin  can  bypass  the  requirement  for  oep 
by  signaling  through  similar  downstream  components  as 
the  combination  of  Nodal  and  Oep14.  Combined  with  the 
observation  that  overexpression  of  oep  mRNA  docs  not 
result  in  any  detectable  phenotype  in  fish  embryos6,  these 
results  have  led  to  the  model  that  Nodal  and  EGF-CFC 
proteins  arc  inactive  independently,  while  their  combined 
activity  is  equivalent  to  that  of  Activin14  (Fig.  4).  A  possible 
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TABLE  1.  Expression  patterns  and  functions  of  members  of  the  EGF-CFC  gene  family 


Gene 

Species 

Expression  pattern 

Function  and  mutant  phenotype 

Refs 

Cripto 

Mouse 

Uniform,  then  proximal-distal  graded  expression  in  epiblast  at 
pre-implantation  stages  (5.5-6.25  dpc‘);  caudal-rostral  gradient 
in  epiblast,  newly  formed  mesoderm  at  streak  stages  (6.5— 7.0  dpc); 
cardiac  outflow  tract  at  somite  stages  {8.5— 9.5  dpc) 

A-P  axis  positioning:  mis-oriented  A— P  axis,  with  anterior  visceral 
endoderm  markers  expressed  distally,  posterior  primitive  streak  markers 
proximally;  germ-layer  formation:  lack  of  primitive  streak,  embryonic 
mesoderm,  and  definitive  endoderm. 

2,12 

Cryptic 

Mouse 

Axial  mesoderm  and  lateral  plate  mesoderm  at  neural  plate  stages 
(7.0— 7.5  dpc);  node,  notochord,  prospective  floor  plate,  and  lateral 
plate  mesoderm  at  head-fold  and  early  somite  stages  (7.5-8.25  dpc) 

L-R  axis  specification:  Randomized  abdominal  situs,  right  pulmonary 
isomerism,  hyposplenia,  transposition  of  the  great  arteries,  vascular 
heterotaxia,  no  expression  of  left-side  specific  genes  in  lateral  plate 
mesoderm. 

5, 13, 15 

FRL-1 

Frog 

RT-PCR  analysis  detects  low  level  maternal  expression  and 
ubiquitous  expression  during  gastrula  stages 

Unknown. 

4 

oep 

Fish 

Maternal  message  persists  from  the  one-cell  stage  to  approximately 
sphere  stage  (four  hours  postfertilization).  Zygotic  expression  is 
uniform  until  40%  epiboly.  Shield  stage  (six  hours):  slight  dorsal  to 
ventral  gradient,  predominantly  in  mesendodermal  progenitors  at 
the  margin.  Gastrulation:  axial  and  paraxial  hypoblast,  including 

Maternal  pep  mutants:  no  phenotype. 

Zygotic  oep  mutants:  lack  of  endoderm,  prechordal  plate  and  ventral 
neuroectoderm,  including  floor  plate;  prechordal  plate  progenitors 
transformed  into  notochord  progenitors. 

6,9, 10, 13, 14,20 

notochord  and  prechordal  plate,  and  more  weakly  in  the  remainder 
of  the  embryo.  End  of  gastrulation  (bud  stage):  highest  levels  are 
found  in  the  anlage  of  the  forebrain  and  axial  midline. 
Somitogenesis:  notochord,  lateral  plate,  dorsal  diencephalic  region 
including  the  anlage  of  the  epiphysis. 


Maternal-zygotic  oep  mutants:  lack  of  endoderm  and  mesoderm  of  head 
and  trunk;  abnormal  positioning  of  the  anterior-posterior  axis  with  respect 
to  extraembryonic  yolk. 

Late  zygotic  oep  mutants:  randomized  heart  looping  and  location  of  pancreas, 
no  expression  of  left-side  specific  genes  in  lateral  plate  mesoderm. 


‘Days  post  coitum. 


involvement  of  Activin  receptors  and  Smad2  in  Nodal  sig¬ 
naling  is  also  suggested  by  the  phenotype  of  mouse 
mutants.  Thus,  gene  targeting  experiments  have  demon¬ 
strated  similar  and/or  synergistic  phenotypes  for  targeted 
gene  disruptions  of  Nodal,  the  type  II  Activin  receptors 
ActRllB  and  ActRIIA,  the  type  I  Activin  receptor  ActRIB, 
and  Smad2  (reviewed  in  Ref.  23).  Recent  work  using  a 
Xenopus  assay  system  has  provided  additional  support  for 
a  combinatorial  activity  of  Nodal  and  EGF-CFC  proteins 
that  leads  to  the  activation  of  an  Activin-likc  pathway22.  A 
putative  autoregulatory  element  in  the  mouse  Nodal  gene 
can  be  efficiently  activated  by  Activin  in  Xenopus  animal 
caps  and  is  bound  by  an  activin  response  factor  (ARF)  that 
consists  of  Smad2,  Smad4  and  FASTI.  In  the  presence  of 
the  ECF-CFC  factors  Cripto  or  Cryptic,  Nodal  efficiently 
activates  this  promoter  element  and  induces  ARF  for¬ 
mation.  These  findings  lend  further  support  for  the  signal¬ 
ing  pathway  model  shown  in  Fig.  4. 

Additional  evidence  for  a  role  of  ECF-CFC  proteins  in 
Nodal  signaling  comes  from  the  requirement  of  both  oep 
and  Cryptic  in  L-R  development.  Members  of  the  Nodal 
family  have  previously  been  implicated  in  the  pathway  for 
L-R  axis  formation”1^1  and  the  laterality  defects  observed 
in  EGF-CFC  mutants  arc  consistent  with  a  lack  of  Nodal 
signaling1’-15.  Moreover,  Cryptic  mutants  have  several 
L-R  laterality  defects  similar  to  those  of  ActRIIB  mutant 
mice,  including  right  pulmonary  isomerism  and  cardiac 
defects42. 

Cripto  and  Nodal  mutants  share  common  phenotypes, 
including  the  absence  of  embryonic  mesoderm  and  defini¬ 
tive  endoderm,  consistent  with  a  role  for  Cripto  in  Nodal 
signaling.  However,  there  arc  also  clear  differences 
between  the  Cripto  and  Nodal  mutant  phenotypes.  In  par¬ 
ticular,  chimera  studies  in  mice  have  indicated  a  role  for 
extraembryonic  Nodal  in  inducing  head  formation43.  In 
contrast,  Cripto  mutants  readily  form  anterior  neural  tis¬ 
sue12.  These  results  suggest  that  some  aspects  of  Nodal  sig¬ 
naling  could  be  independent  of  the  activity  of  ECF-CFC 
genes  such  as  Cripto.  Alternatively,  other  EGF-CFC  family 


members  such  as  Cryptic  (or  entirely  different  EGF-CFC 
genes)  might  partially  compensate  for  lack  of  Cripto, 
masking  the  general  dependence  of  Nodal  signaling  on 
ECF-CFC  co-factors. 

Models  for  EGF-CFC  biochemical  activity 

Based  on  the  requirement  of  EGF-CFC  activity  for  Nodal 
signaling,  the  cell  autonomy  of  oep  function,  and  the 
localization  of  ECF-CFC  proteins  at  the  cell  surface,  it  has 
been  suggested  that  ECF-CFC  proteins  function  in  a  simi¬ 
lar  manner  to  GFRa,  IL-6Ra  or  CTNFRa  (Ref.  14). 
These  proteins  act  as  cofactors  that  mediate  the  binding  of 
signaling  molecules  to  signal-transducing  receptors.  For 
instance,  GFRa  is  tethered  to  the  membrane  via  a  CPI 
linkage  and,  together  with  the  c-RET  tyrosine  kinase 
receptor,  forms  a  receptor  for  GDNF,  a  distant  member  of 
the  TGF-|3  superfamily44-45.  Similarly,  IL-6Ra  interacts 
with  gpl30  to  form  a  receptor  complex  for  IL-6  (Ref.  46). 
Similar  to  Oep,  these  factors  are  normally  membrane  asso¬ 
ciated,  and  can  also  act  as  diffusible  co-factors  by  binding 
to  their  ligands  and  associating  with  the  transmcmbranc 
receptors.  By  analogy,  ECF-CFC  proteins  might  interact 
with  Nodal  proteins  to  form  a  complex  that  binds  to 
Activin-likc  receptors.  Alternatively,  ECF-CFC  factors 
could  modify  or  induce  conformational  changes  in  cither 
Nodal  signals  and/or  Activin-like  receptors  that  allow 
them  to  interact.  Thus,  EGF-CFC  proteins  offer  an  inter¬ 
esting  paradigm  to  study  extracellular  factors  that  allow 
the  functional  interaction  between  a  TGF-0  signal  and  its 
receptors. 

How  can  the  role  of  EGF-CFC  proteins  in  Nodal  sig¬ 
naling  be  reconciled  with  the  suggestion  that  these  factors 
might  be  involved  in  Ras  or  PI3K  signaling  pathways?  It  is 
conceivable  that  the  cell  culture  assays  using  Cripto  reveal 
an  additional.  Nodal-independent  function  of  EGF-CFC 
proteins.  For  instance,  many  of  the  effects  seen  with  full- 
length  Cripto  protein  arc  also  elicited  using  the  isolated 
EGF  motif,  perhaps  revealing  a  role  of  the  ECF-rclatcd 
domain  in  a  Ras  signaling  pathway.  However,  no  evidence 


TIG  July  2000,  volume  16,  No.  7 


u..j6S!Efi3Si5H5feeSuti 


exists  for  a  role  of  oep  in  ras  signaling  in  fish14.  Moreover, 
the  isolated  EGF  domain  is  inactive  in  the  oep  mutant  res¬ 
cue  assay  (J.  Zhang,  W.S.  Talbot  and  A.F.Schier,  unpub¬ 
lished).  An  alternative  possibility  is  that  the  downstream 
signaling  effects  documented  for  Cripto  protein  in  mam¬ 
mary  epithelial  cells  might  represent  cross-talk  between 
TGF-pS  and  EGF  receptor  signaling  pathways;  some  evi¬ 
dence  for  such  cross-talk  in  the  opposite  direction  has 
been  documented  (see  model  in  Fig.  4)47'4!l.  Whether  such 
indirect  effects  represent  functional  outputs  of  EGF-CFC 
activity  in  vivo  remains  to  be  determined.  In  the  light  of 
the  strong  genetic  evidence  that  oep  is  essential  for  Nodal 
signaling,  it  is  also  possible  that  exposure  to  Cripto  ren¬ 
ders  mammary  epithelial  cells  responsive  to  TGF-(J  signals 
secreted  by  the  cells  or  present  in  the  culture  medium.  In 
this  case,  the  potential  involvement  of  Cripto  in  cancer 
formation  might  be  regarded  as  activation  of  a  TGF-(3  sig¬ 
naling  pathway. 

Prospects 

The  discovery  and  functional  analysis  of  EGF-CFC  genes 
have  led  to  the  identification  of  a  hitherto  unrecognized 
role  of  extracellular  co-factors  for  TGF-p  signaling. 
Further  studies  will  undoubtedly  focus  on  the  detailed 
developmental  roles  and  biochemical  interactions  of 


EGF-CFC  proteins,  Nodal  and  Activin-likc  receptors.  It 
will  also  be  important  to  investigate  the  possible  links 
between  this  pathway  and  the  effects  that  have  been 
documented  for  Cripto  protein  in  cell-culture  assays. 
Although  TGF-p-related  factors  have  been  implicated  in 
virtually  all  aspects  of  human  development  and  disease, 
the  molecular  basis  of  receptor  interaction  and  activation 
of  downstream  signal-transduction  pathways  for  many  of 
these  factors  has  not  yet  been  elucidated49.  Understanding 
how  EGF-CFC  proteins  act  as  co-factors  for  Nodal  sig¬ 
naling  will  be  of  broad  and  fundamental  importance  for 
understanding  TGF-p  signal  transduction  in  general,  with 
potential  implications  for  molecular  mechanisms  of 
human  disease. 
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